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ABSTRACT
In rail track environments, the loading system is cyclic unlike the steady seepage force
that usually occurs in embankment dams. The mechanisms of filtration, interface
behaviour, and time dependent changes of the drainage and filtration properties
occurring within the filter medium require further research to improve the design
guidelines. A novel cyclic process simulation filtration apparatus was designed and
commissioned at the University of Wollongong, and a standard test procedure was
established. The test apparatus was designed to simulate heavy haul train operations.
The key parameters that influence the change in porosity and pore water pressure within
the subballast layer under cyclic conditions in rail track environments were identified.

Crushed basaltic road base was used as the filter subballast. The slurry form of the base
soil, which is a low plasticity and highly erodible silty clay, was pumped from the
bottom of the filter to simulate clay pumping and hydraulic erosion. Grading
characteristics such as the uniformity coefficient and the mass of fines, and the external
loading factors such as the maximum compressive load and slurry loading rate, were
found to be the main factors that influence the mechanical characteristics and seepage
hydraulics of subballasts under cyclic conditions.

The evidence gathered from laboratory testing suggests that the subballast selection
criteria adopted by the railway industry, which are based on mathematical and empirical
models generated from static load conditions in embankment dams, does not address the
filtration mechanism of subballasts under cyclic conditions. Apart from being a
commonly used buffer for the ballast layer against subgrade attrition, subballast is
primarily designed to act as a stress dissipation layer (capping layer) and its function as
a filter is often regarded as a lesser priority. With more emphasis on the stress reduction
function, well graded subballast containing larger particles provides a better skeletal
resistance against applied stresses. However, well graded subballasts containing
relatively coarse grains (20% fine sand, 30% fine gravel) are too porous to effectively

v

capture the fines within its voids. Laboratory findings suggested that uniformly graded
subballasts with not more than 30% fine sands (particle range of 0.15 to 0.425 mm) had
an enhanced filtering capacity. Due to the lack of mechanical resistance against axial
deformation, the application of cyclic stress to uniformly graded subballasts reduces
porosity and enables the filter to trap migrating fines more effectively. Moreover, this
intrusion of fines changes the PSD of the subballast which reduces its porosity and
further inhibits drainage.

A multi-layer mathematical approach was used to predict the time dependent
permeability of this filter, with (a) a reduction in porosity as a function of compression
under cyclic loading, and (b) the amount of fines trapped within the filter voids, being
the two main aspects of this proposed model. Laboratory test results conducted on a
novel cyclic loading permeameter were used to validate the proposed model. The set of
equations that forms an integral part of the proposed model is then presented as compact
visual guidelines anticipated to provide a more practical tool for railway practitioners.

Abstract
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CHAPTER ONE

INTRODUCTION

1.1 Background of the Study
The railway network in Australia consists of more than 43,000 km of broad, narrow,
standard, and dual gauge ballasted rail tracks originally built on 20th century
technology. Gradually, most of the ‘steam age’ rail tracks have been upgraded to reflect
advances in technology and engineering. Although investments to improve the overall
state of the rail transport system are pouring in, there is no escaping the fact that a
considerable component of this network was forced to use the poorest of soft subgrade
(soil formation) resulting from the inevitable by-product of coastal urbanisation.

Railways in Australia play a vital role in transporting freight and bulk commodities
between major cities and ports, and carrying passengers, mainly in urban areas. In
recent years, the continual competition with road, air, and water transport in terms of
speed, carrying capacity, and cost has substantially increased the frequency and axle
load of the trains with a faster running time.
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Traditional railway foundations or substructures consisting of one or two granular layers
overlying a subgrade have become increasingly overloaded due to the utilisation of
faster and heavier trains. Rail tracks built over areas with adverse geotechnical
conditions, coupled with a substructure not built to counteract greater design
requirements, require a more frequent, and costly, maintenance cycle. Finding
economical and practical techniques to enhance the stability and safety of the
substructure is vital for securing long term viability of the rail industry and to ensure it
has the capability to support further increases in load.

The level of funding invested in railway maintenance is substantial, and a considerable
proportion of this is related to geotechnical problems of substructure layers. Economic
studies by Wheat and Smith (2008) into rail track infrastructure in the UK showed that
more than a third of the total maintenance expenditure for all railway networks that
operate on ballasted rail track goes into substructure. Railway authorities in the USA
spend tens of millions of dollars annually for ballast and related maintenance (Chrismer
1985), while the Canadian railroads reported an expenditure of about 1 billion dollars
per year, and most of which includes track replacement and upkeep costs (Raymond et
al. 1985). Fast train lines such as the Shinkansen Line (Japan) and the TGV-Sud-Est
Line (France) face even higher maintenance costs, while in Australia, the cost of
government support would total over $2.1 billion per year to maintain above and below
rail operations (BITRE 2003).

A significant proportion of the cost of maintaining permanent way rail tracks arise from
inadequate drainage (Selig and Waters 1994); removing surface water and seepage, and
keeping the subgrade dry are important prerequisites for lasting stability and efficient
operation. A cost effective approach often lies in collecting surface water and seepage
and directing it into the subsoil at different locations.

1.2 Statement of the Problem
Excessive cumulative settlement within the layers of ballast, subballast, subgrade and
associated track misalignment is a major source of the aforementioned increase in
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maintenance costs. For the subballast, under the influence of cyclic train loading the
granular particles rearrange and attempt to attain a more stable configuration through
vertical settlement, lateral spreading, and particle degradation. This is compounded by
the filtration and drainage concerns along the rail track substructure. The cost of
replacing subballast is expected to increase into the future unless the foundations are reengineered using innovative design concepts.

The subgrade beneath the rail tracks is subjected to a series of cyclic loading transferred
from the passing traffic. This cyclic loading enhances attrition by the overlying coarse
layer (or subballast) on a previously dry subgrade creating fines at the interface (Selig
and Waters 1994). In addition, the fines resulting from degradation of upper ballast
layer migrate into the subballast layer under heavy precipitation and cyclic train loads.
The intrusion of fines changes the particle size distribution (PSD) of the subballast soils
and affects its drainage characteristics.

In low lying coastal areas where the subgrade is generally saturated, water creates a
slurry at the subballast-subgrade interface. Pore water pressure generated from cyclic
rail loading applies a vertical seepage force which reduces the effective stress of the
subgrade and causes the slurry to be pumped into the overlying layer (Alobaidi and
Hoare 1999). This clay pumping phenomenon thereby clogs the ballast bed and
promotes undrained shear failure (Indraratna et al. 1992).

When granular filters are also expected to serve as drainage layers, as in the case of
subballasts, changes in the hydraulic conductivity of the filters become important. As a
result of the progressive entrapment of fine particles, subballasts undergo significant
reductions in hydraulic conductivity. More fines accumulate within the subballast over
time and slowly clog up the voids and reduce the drainage capacity of the layer. In
poorly drained situations an increase in excess pore pressure adversely affects the
strength and stiffness of the subgrade and track profile deformation behaviour, issues
that may incur substantial maintenance costs.
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Subballast clogging and its related problems are generally ignored in conventional rail
track design. A number of empirical and analytical models of the filtration phenomenon
in granular materials have been developed for embankment dams (e.g., Indraratna and
Vafai 1997, Locke et al. 2001, Indraratna et al. 2006), but the loading system in a rail
track environment is cyclic unlike the steady seepage force that usually occurs in them.
There is a need to assess the impact of cyclic loading in order to improve our
understanding of the mechanisms of filtration, interface behaviour, and time dependent
changes to the filtration that occurs within subballast as a filter medium. These
advances may potentially improve rail performance and safety, extend system life
cycles and reduce maintenance costs.

1.3 Objectives of the Research
Cyclic loading condition in a wet environment presents a unique challenge to the
stability and filtration mechanisms of the subballast layer. This research focuses on
refining and improving recently developed filtration design criteria based on the
constriction size distribution (CSD) model, to describe the time dependent variation of
filtration properties in this environment. The specific objectives of the study are as
follows:

1. A laboratory investigation using a modified filtration apparatus into the
behaviour of subballast (filter) under cyclic train loading;

2. To identify the key parameters that cause fines to migrate, as well as the
change in voids ratio (or porosity) and pore water pressure of subballast
soil under cyclic loading;

3. An extension of filtration design criteria based on a CSD model under
cyclic loading;

4. The development of a semi-empirical geo-hydraulic model that can
describe the effectiveness of granular filters under cyclic loading; and
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5. To validate the mathematical model developed using the results of the
cyclic loading filtration tests.

1.4 Scope and Limitations of the Research
By simulating a heavy haul train and controlling the level of applied vertical stress and
frequency, this research focused on refining and improving recently developed filtration
design criteria based on the CSD model to describe the time dependent variation in the
filtration properties of a rail track environment. Using a two dimensional stress
distribution for a plane strain setup, the speed and weight of a heavy haul train were
simulated in the modified permeameter using a dynamic actuator with a frequency of 5
to 25 Hz, combined with a set of cyclic stress having a minimum of 30 kPa and
maximum of 70 kPa. At least 100,000 load cycles were applied for each short term
investigation, while the long term tests were run at up to 1 million cycles, or until
failure under drainage criterion occurred. The test materials were limited to a
combination of five types of filter, ranging from uniformly graded (GU) to highly well
graded (GW) road base material, with highly dispersive and erodible silty clay as the
base soil. To reproduce clay pumping, a slurry mixture of 1,500 g of base soil and 8 litre
of water was pumped at a constant pressure of 15 kPa. Geotextile inclusions were not
included in the research.

1.5 Thesis Outline
This thesis is divided into 9 chapters, including this Introduction. A summary of the
remaining Chapters is given below.

Chapter 2 presents a critical review of past researches outlined according to a
conceptual framework that links the state-of-the-art of filtration research to the design
and effectiveness of subballast. Four key aspects of this research, cyclic loading,
mechanical degradation and deformation, filtration and particle transport mechanism,
and seepage hydraulics, were given an equal emphasis in the discussions.
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Chapter 3 describes the standardised cyclic filtration experimental procedure used to
evaluate the filtration and drainage of various filters under long and short term
conditions. The modified filtration apparatus design and commissioned at the University
of Wollongong is also presented.

Chapter 4 describes the calibration methodology used to obtain reliable and effective
real time porosity measurements via the Amplitude Domain Reflectometry probes. The
results from preliminary filtration tests using slurry base soil are discussed.

Chapter 5 illustrates the stages involved in commissioning the novel cyclic filtration
apparatus, including the difficulties encountered and the steps taken to address them.
The limitations of the apparatus are also presented.

Chapter 6 presents the experimental results. The outline of the presentation and
discussions are essentially an implementation of the experimental program shown in
Chapter 3. The data generated from the experiments were obtained from the
aforementioned novel apparatus so any search for a comparable data set was
impractical. Where applicable, references to some aspects of the experiments are
mentioned.

Chapter 7 shows the development of the proposed time dependent geo-hydraulic
filtration model for particle migration under cyclic loading. Quantification of the model
parameters based on the experimental results is described in detail and the validation
process of the model is also discussed.

Chapter 8 provides alternative methods for estimating the hydraulic conductivity of
fully saturated porous media. They were based on the geometric-probabilistic concepts
espoused in Chapter 3. These methods are an extension of the well known HagenPoiseuille and Kozeny-Carman equations that satisfy steady state seepage conditions.
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The concluding remarks and recommendations on the applicability of this research are
given in Chapter 9. Venues that hold promising research potential with respect to
filtration in railway lines are also presented.

The final section includes the list of References and Appendices 1 to 5 that provide the
necessary supplementary information in some chapters of this thesis.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction
In a rail track substructure, a capping layer known as subballast is provided in order to
further redistribute the applied external cyclic stress before it is transferred to the
formation. The equally important function of subballast as a filter layer is often regarded
as a lesser priority. Filters are vital in ensuring a good performance of rail track
substructure as they prevent the fines from the formation from migrating towards the
upper ballast layer. To undermine the significance of subballast as a filter may prove
costly because contaminants and fouling materials negatively affect the mechanical
properties of the ballast.

To assess the effectiveness of a filter demands an understanding of the key factors that
control its behaviour. In a railway environment, cyclic loads are in direct contrast to the
steady forces present in embankment dam structures. The main assumptions used to
develop the well researched static based empirical and analytical filtration models may
not be applicable in situations where cyclic load conditions dominate.
8

Four major aspects that influence the effectiveness of subballast as a filter layer are
identified in Figure 2.1. These aspects are (1) cyclic train loading, (2) the subballast
degradation mechanism that requires a filter, (3) the filtration behaviour under this
environment, and (4) the overall impact of seepage hydraulics, particularly its drainage
capacity. The soil beneath the rail tracks is subjected to a series of cyclic loading
transferred from passing traffic. This cyclic loading accelerates attrition by the
overlying coarse layer acting on a previously dry formation to create fines at the
interface (Selig and Waters 1994). In low lying coastal areas where these formations are
generally saturated, the softening effect of water can result in a slurry of fines at the at
the interface of subballast and formation. High excess pore pressure in a saturated
subgrade soil generated by moving trains creates a vertical seepage force that reduces
the effective stresses of the formation. This condition causes the slurry to be pumped
towards the overlying layer (Alobaidi and Hoare 1999), and over time, more fines
accumulate within the subballast that slowly clog up the voids and reduce the drainage
capacity of the layer. This progressive fine particle entrapment significantly reduces the
hydraulic conductivity of the subballast. A critical review of the related literature
presented in this chapter is organised to address these key aspects.

Cyclic
train
loading

Subballast
degradation
mechanism

Subballast /
Filter
Effectiveness

Subballast
seepage
hydraulics

Filtration&
particle
transport
mechanism

Figure 2.1 Conceptual framework on subballast filtration research.
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2.2 Ballasted Rail Track Substructure
A ballasted railway track, also known as conventional or classical track, is a layered
system composed of a flat framework made up of rails and sleepers supported on layers
of ballast, subballast and subgrade. The bed of ballast rests on a layer of subballast,
which forms a transition layer to the formation. Figure 2.2 shows a typical construction
of a classical track structure.

Rail-fastening
system

Sleeper

Subballast
Ballast
Subgrade

Figure 2.2 Typical ballasted railway track cross section.

Although the principle of a ballasted track structure has not changed substantially,
important improvements were put forward after the Second World War. As a result, a
traditional ballasted superstructure can still satisfy the high demands of the Train à
Grande Vitesse (TGV), the high speed trains in France. With the advent of modern
railway operations however, certain disadvantages of ballasted track such as costly
quarrying/purchasing of new coarse aggregate, expensive execution of track
maintenance procedures (e.g., tamping, ballast cleaning), and losses due to track
closures, are becoming more evident.

Slab track design is evolving into a very

competitive alternative (Esveld 2001).

2.2.1 Ballast
A ballast bed consists of a layer of loose and coarse-grained material that keeps the rail
and sleepers in the required position. Ballast also possesses effective stresses designed
to resist and dissipate the vertical, transverse, and longitudinal forces transmitted by the
sleepers. The manner in which the loads are distributed laterally protects the subgrade
Chapter 2 Literature Review
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from high stresses. This angular, crushed hard stone and rock is uniformly graded, free
from dirt, and not prone to a cementing action. Availability is the prime consideration in
the selection of ballast, which is why a wide variety of this angular material used comes
from crushed granite, basalt, limestone, slag, and gravel.

A ballast bed should be thick enough to provide a uniform dispersed loading
distribution on the subgrade, typically from 250 to 300 mm thick, measured from the
lower side of the sleeper. The compressive stresses exerted by the sleepers onto the
ballast bed are considered to be evenly distributed. Various empirical formulae and
methods have been developed and used by different railway organisations to calculate
contact stresses between the ballast layer and the bottom of the sleeper (ORE 1965,
Jeffs and Tew 1991, Li and Selig 1998a).

In addition to its load distribution and resistance to lateral displacement, the storage and
drainage capacity of ballast bed during heavy rain is an important factor that should not
be underestimated. According to Robnett et al. (1975) and Selig and Waters (1994),
ballast performs multiple functions, the most important being:
(a) to retain the track in its required position by withstanding vertical, lateral
and longitudinal forces applied to the sleepers;
(b) to provide the required degree of elasticity and dynamic resilience to track
superstructure;
(c) to distribute stresses from the sleeper bearing area to acceptable stress
levels for the underlying material;
(d) to facilitate maintenance, surfacing, and lining operations (to adjust track
geometry) by the ability to rearrange ballast particles by tamping;
(e) to provide immediate drainage of water falling onto the track;
(f) to provide sufficient voids for storage of fouling material in the ballast,
and to accommodate the movement of particles through the ballast;
(g) to not being susceptible to frost and provide an insulating layer to protect
the underlying layers;
(h) to inhibit the growth of vegetation; and
(i) to absorb airborne noise, among others.
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It is implied that the ballast must perform these tasks with tolerable degradation from
load and environment, and must resist the external entry of fine particles such that
maintenance and renewal cycles are acceptable.

2.2.2 Subballast
The layer of subballast between the ballast and the subgrade fulfils a two way function
broadly grouped as stress distribution function and hydraulic function. These are broken
down into specific purposes such as:
(a) reducing the traffic induced stress at the bottom of the ballast layer to a
tolerable level for the top of subgrade;
(b) extending the subgrade frost protection;
(c) preventing interpenetration of subgrade and ballast (separation function);
(d) preventing upward migration of fine material emanating from the
subgrade;
(e) preventing subgrade attrition by ballast, which in the presence of water,
leads to slurry formation, and hence prevent this source of pumping;
(f) shedding water, i.e., intercepts water coming from the ballast and directs it
away from the subgrade to ditches at either side of the track; and
(g) permits drainage of water that might be flowing upward from the
subgrade.
These are very important functions for satisfactory track performance because if there is
no subballast layer then a high maintenance effort can be expected, unless these
functions are performed in some other manner (Selig and Waters 1994).

The subballast, also known as a capping layer, is a higher strength and higher stiffness
layer introduced to protect weak natural ground or embankment fill. The most
commonly used subballast materials are broadly graded, naturally occurring or
processed mixtures of sand and gravel, or broadly graded crushed natural aggregates or
slag. Subballast serves as a temporary haul way during construction, which helps to
solve the problem of subgrade wetting up and losing strength by protecting the subgrade
from damage caused by site traffic.
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2.2.3 Subgrade
The subgrade is the load bearing formation of a track structure that permanently
supports the ballast layer. Subgrade soils are subjected to lower stresses than the ballast
layer. This stress decreases with depth, and the controlling subgrade stress is usually at
the top zone unless unusual conditions such as a layered subgrade of sharply varying
water contents or densities changes the location of the controlling stress. An
investigation of the soil prior to design should check for these conditions.

Subgrade may be categorised as natural ground (formation) and as placed soil (fill).
Anything other than local soils are generally uneconomical to use as subgrade, and
where possible, existing ground would be used without disturbance.

However,

techniques are available to improve in situ soil formations if they are inadequate. Often
some of the formations are removed to construct the track to its required elevation.
Placed fill is used either to replace the upper portion of unsuitable existing ground or to
raise the platform to the required elevation for the rest of the track structure.

To serve as a stable platform, the following subgrade failure modes must be avoided:
(a) excessive progressive settlement from repeated traffic loading;
(b) consolidation settlement and massive shear failure under the combined
weights of the train, track structure, and earth;
(c) progressive shear failure (cess heave) from repeated wheel loading;
(d) significant volume change (swelling and shrinking) from moisture change;
(e) frost heave and thaw softening; and
(f) subgrade attrition.
Table 2.1 enumerates the essential requirements for the subballast and subgrade layers.
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Table 2.1 Global requirements for the subballast and subgrade layers
(Esveld 2001).
Parameters

Required values
Subballast
Subgrade
> 25
>5
100
35
100
97

California Bearing Ratio (CBR) [%]
Ev2 [MPa]*
Compaction through Proctor [%]
Maximum deviation from design
subgrade profile [mm]
< 10
< 10
* Ev2 is the modulus of elasticity taken from the second load step in a
plate loading step.

2.3 Track Excitation Origins
The excitations originating from the track induced forces are summarised in Figure 2.3.
For short waves in the order of millimetres, rail corrugation, wheel irregularities, and
weld imperfections are the most important factors. For such high frequencies, which can
even go up to 2,000 Hz, the Hertzian contact spring between wheel and rail should be
considered. Rail rolling defects may have wavelengths to the order of 3 m. The natural
frequency of bogies is in the order of 20 to 25 Hz, whereas the sprung mass has the
lowest natural frequency of 0.7 to 5 Hz and it primarily influences ballast and
formation.

Auersch (2008) noted that the critical train speed is, in practice, only reached on very
soft soils. Therefore, the influence of the critical train speed is always combined with
the influence of the reduced soil stiffness. This moving load effect, which is the
amplification of the dynamic response due to load movement, is generated from the
vibrations created from imperfect wheels and imperfect tracks. Soil vibrations with 1213 Hz show a dramatic dynamic response measured on a normally stiff soil. For the
track spectrum for the soft soil, the maximum disturbance occurs at 4 Hz.
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Figure 2.3 Track excitation in relation to frequency (modified after
Esveld 2001).

2.4 Dynamic Loading Mechanism
The requirements for the bearing strength and overall quality of the track depend largely
on the following load parameters:
(a) static vertical load per axle;
(b) tonnage borne as the sum of the axle loads; and
(c) running speed.
The static axle load level, to which the dynamic increment is added, determines the
required strength of the track. The nominal axle loads applied to the track are as shown
in Table 2.2.

The accumulated tonnage determines the deterioration of the track quality and provides
an indication of when maintenance and renewal are necessary. Furthermore, all types of
track deterioration such as an increase in geometrical deviations, in rail fractures, and
rail wear, can be expressed as a function of tonnage.
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Table 2.2 Number of axle and weight per axle of several rolling stock
types (Selig and Waters 1994, Esveld 2001).
Rolling stock type
Trams
Light rail
Passenger coach
Passenger motor coach
Locomotive
Freight wagon
Heavy haul (USA, Australia)

Number
of axles
4
4
4
4
4 or 6
2
2

Weight per axle [kN]
Empty
Loaded
50
70
80
100
100
120
150
170
215
n/a
120
225
120
250 - 350

The dynamic load component, which depends on speed and horizontal and vertical track
geometry, also plays an essential role. The maximum speed on a specific section is
expressed in km/h, and Table 2.3 gives typical values as surveyed from different types
of railways. Freight trains are allowed to run at a maximum of 100 km/h. Tests are
currently underway to determine whether this speed can be increased to 120 km/h.

Table 2.3 Maximum speeds of different railways.
Speed [km/h]
Passenger train
Freight train
Branch lines
n/a
30 - 40
Secondary lines
80 - 120
60 - 80
Main lines
160 - 200
100 - 120
High speed lines
250 - 300
n/a
Notes: world record = 515.3 km/hr (TGV–SNCF, May 1990); SNCF –
Railway type

Société Nationale des Chemins de fer Français (French
Railways National Company).

It is a common practice to carry out a stress calculation for a static load system, or
often a single wheel load, using the longitudinal beam theory. With this approach,
the dynamic effects are taken into account by a speed coefficient or dynamic
amplification factor (otherwise known as the impact factor). The effect of running
speed on load is in reality highly complex because of the dynamic interaction
between vehicle and track. Several simple formulae have been proposed which aim
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to assess the dynamic stress on the rail superstructure and substructure. These
formulae are a rough approximation of reality because the geometric quality of the
track and the mechanical characteristics of the track and the vehicle are not
sufficiently determined.

2.4.1 Eisenmann method
An empirical calculation scheme accepted by European railway companies was
developed by Eisenmann and is based on the following observations and
assumptions:
(a) Measurements on which this empirical method is based have shown
that the stresses in the rail foot, from a statistical point of view, have a
normal distribution;
(b) The mean value is independent of running speed V (studied up to 200
km/h) and can be determined with sufficient accuracy using
Zimmermann's longitudinal beam calculation (Esveld 2001); and
(c) The standard deviation is dependent on the running speed V and the
state of the track.

The Eisenmann scheme to determine the Dynamic Amplification Factor (DAF) is
dependent on the train speed, the track quality, and chosen factor t and reads as
follows:
DAF  1  t 

if V < 60 km/h

(2.1a)

 V  60 
DAF  1  t  1 

140 


if 60 ≤ V ≤ 200 km/h

(2.1b)

where V = train speed [km/h]
t = multiplication factor derived from the standard deviation based on
assessed confidence interval. Since the reliability of rail traffic is so
important a value of 3 is recommended to limit the chance of exceeding
the maximum calculated stresses to only 0.15% (refer to Table 2.4); and
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φ = factor depending on track quality (refer to Table 2.5)

Table 2.4 Values of the parameter t in DAF.
Probability [%]
68.3
95.4
99.7

Application
Contact stress, subgrade
Lateral load, ballast bed
Rail stresses, fastenings, supports

t
1
2
3

Table 2.5 Choices for parameter φ in DAF.
Track condition
Very good
Good
Bad

φ
0.1
0.2
0.3

2.4.2 AREA manual method
This method, recommended by the American Railway Engineering Association (AREA
1918), emphasizes the influence of the same design load parameters: static wheel loads,
train speed, and traffic tonnage. A dynamic wheel load (Pdyn) corresponding to a static
wheel load Pstat is calculated by multiplying a factor as follows
Pdyn    Pstat

  1

0.00052V
D
w

(2.2)
(2.3)

where Dw = wheel diameter [m]. Characteristics of typical freight cars and locomotives
in North America are given in Table 2.6
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Table 2.6 Characteristics of typical cars and locomotives in North
America (Li and Selig 1998a).

Car type
125 tons
110 tons
100 tons
70 tons
6-axle locomotive
4-axle locomotive

Wheel
diameter
[m]
0.97
0.91
0.91
0.84
1.02
1.02

Wheel load
[kN]

Axles per
vehicle

173
160
147
125
138
142

4
4
4
4
6
4

Axle
spacing
[m]
1.83
1.78
1.78
1.73
3.40
2.84

2.4.3 ORE method
A method for determining the impact factor was developed by the Office of Research
and Experiments (ORE) of the International Union of Railways (ORE 1965, Jeffs and
Tew 1991). The impact factor in this method is based on the measured track forces of
locomotives and is defined in terms of dimensionless speed coefficients ‟, ‟ and ‟, as
given by the following equation:

 '  1   '  ' '

(2.4)

where ‟and ‟ are related to the mean value of the impact factor while ‟ is related to
the standard deviation of the impact factor.
The coefficient ‟ depends on track irregularities, vehicle suspension and vehicle speed.
Although, it is difficult to correlate ‟ with track irregularities, it has been empirically
found that for the poorest case, ‟ increases with the cubic function of speed V [km/h],
hence

 V 

 100 

3

 '  0.04
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The coefficient ‟ is the contribution to the impact factor due to the wheel load shift in
curves and may be expressed by either Eq. (2.6a) or (2.6b):

 '

2dh
G2

(2.6a)

V 2 2h  celev  2celev h
'

127 Rg
G2

(2.6b)

where G = horizontal distance between rail centrelines [m];
h = vertical distance from rail top to vehicle centre of mass [m];
d = superelevation deficiency [m];
celev = superelevation [m];
g = 9.81 m/s2; and
R = radius of curvature [m].
The last coefficient ‟ depends on the train speed, track condition (e.g., age, hanging
sleepers, etc.), vehicle design, and maintenance condition of the locomotives. It was
found that the coefficient ', increases with the speed, and can be approximated by the
following algebraic expression:

 V 
 '  0.10  0.017

 100 

3

(2.7)

The ORE impact factor () for different train speeds and various standards of tangent
track has been plotted as shown in Figure 2.4.
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Figure 2.4 Impact factor for the ORE method (Jeffs and Tew 1991).

2.4.4 Atalar et al. method
A method using simple equations was proposed by Atalar et al. (2001) to compute an
equivalent dynamic wheel load:
Pdyn    Pstat




  1 

V 
1  C 
100 

(2.8)

(2.9)

where Pdyn = equivalent dynamic wheel load for design;
Pstat = static wheel load;
V = maximum train speed [km/h]; and
C ≈ 0.3.
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2.5 Load Transfer Mechanism
In order to calculate the maximum vertical stress on the subgrade, various methods have
been developed based on a two dimensional stress distribution for a plane strain
situation. The ballast, subballast, and subgrade create a three layer, linearly elastic
system that has to be transformed into an equivalent single layer.

2.5.1 Odemark method
In 1949, Odemark proposed an empirical method to convert a multi-layered system into
a single layer system. The maximum vertical stress on the subgrade in the actual three
layer system then correlates with the maximum vertical stress in the equivalent half
space at a distance from the surface. The equivalent for N-1 layers is given by the
expression:
  E 1   2 1 3

1   N2 L
NL
  h2  E 2 
h1  1 
 E N 1   22
 E
1  12 
 L
~   NL
h 
13

 E N L 1 1   N2 L 

 h N 1 

2
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N L 1 
L








13


 ...








(2.10)

~
where h = equivalent depth;
hi = thickness of the ith layer;
Ei = Young‟s modulus of elasticity at the ith layer; and

i = Poisson‟s ratio at the ith layer.
In this method, once a multi-layer has been transformed, calculations are only valid
within the lowest layer considered during the transformation (layer NL). If layers exist
beneath layer NL, it is implicitly assumed that they have elastic properties equal to those
found in layer NL (Ullidtz 1998). This method can only approximate the multi-layer
theory of elasticity when the elastic moduli decrease with depth (Ei/Ei+1 > 2), and where
layers are relatively thick and the transformed thickness of each layer is larger than the
radius of the loaded area (Ullidtz 1998).
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2.5.2 Zimmermann method of longitudinal beam calculation
Figure 2.5 shows the stress pattern on the ballast bed along the length of the track. The
stress for each sleeper is assumed to be evenly distributed over its surface area. An
equivalent strip load then replaces the even distribution of stresses per sleeper across the
width of the sleeper. By superimposing the individual load contribution of each sleeper,
and by factoring in the thickness and elasticity of the upper ballast and subballast layers,
the maximum vertical stress on the subgrade is then evaluated. The dynamic amplitude
is incorporated by using the amplification factor given in Eq. 2.1. The magnitude of this
stress beneath the various sleepers caused by the effective wheel load Q is:

 i   max  xi 

(2.11)

in which:

 max  DAF 

  xi   e
L4

 xi

L

Qa
2 LAsb

xi
xi 

cos L  sin L 



(2.12)
xi ≥ 0

4 EI
k

(2.13)

(2.14)

where DAF is solved using Eq. (2.1b) with t = 1;
Q = effective wheel load [kN];
a = sleeper spacing [m];
Asb = contact area between sleeper and ballast bed for a third of the sleeper
[m2];
L = characteristic length [m];
EI = bending stiffness of the rail [kN-m2];
kF = foundation coefficient of continuous support [kN/m2]; and
xi = lateral distance from the point of interest to the centre of the ith sleeper
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In this method of longitudinal beam calculation, the rail is defined as an infinite beam
on a continuous elastic support (Ebersohn and Selig 1994). This assumption holds for a
beam of finite length if the length is greater than 2L.

3 = mean
2

1

4 = 

5 = 
x

h1

Ballast

h2

Sub-ballast

Eballast

zmax

Subgrade

Esub-ballast
Esubgrade

z

Figure 2.5 Stress pattern on the ballast bed along the length of the rail track
(modified after Esveld 2001).

The vertical stress in a half space loaded by an evenly distributed strip load shown in
Figure 2.6 can be determined using the two dimensional theory of elasticity. This
compressive stress reads:

 zi   i  f xi 

(2.15)

in which:

f  xi  

1
1

 1   2  sin 2 1  sin 2 2 


2


(2.16)

 1  arctan

xi  b 2
~
h

(2.17)

 2  arctan

xi  b 2
~
h

(2.18)
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where b = sleeper width [m]. In this method, the contributions to the maximum vertical
stress on the formation can be determined for each strip load according to:

 z max    zi

(2.19)

i

Only a few of the strip loads in the vicinity of the maximum load need be considered
because of the decrease in strip load according to Eq. (2.13) and the load spreading
under a strip load according to Eq. (2.16).

b
xi

i
1

~
h

x

2

zmax

z
Figure 2.6 Stress due to strip load on half space.

2.5.3 Approximation by 2:1 method
The 2:1 approximation is a simple method for determining an increase in vertical stress
with depth. This method assumes that the stress dissipates with depth in the form of a
trapezoid that has 2:1 (vertical:horizontal) inclined sides, as illustrated in Figure 2.7.
Jeffs and Tew (1991) indicated that the load spread method gives an average value of
vertical stress at any given horizontal plane within the loaded area below the sleeper.
With a rectangular sleeper, the average sleeper-ballast contact pressure max for a third
of its total length is first converted into a total concentric vertical load Q on the sleeper.
The vertical stress at the equivalent depth beneath the sleeper would be:
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 z max 

Q
~  l ~
bh  h
3






(2.20)

in which

Q   max  Asb

(2.21)

where l = sleeper length [m].

max
Q

l/3
Sleeper-ballast
contact plane

b

~
h

2

 h~i

1

~
h 2

b

~
h 2

Figure 2.7 Approximation by 2:1 method for the calculation of the induced vertical
stress at depth due to an applied load Q.

2.5.4 AREMA manual equations
In the design practice for North American railroads, the AREMA Engineering Manual
(2003) recommends four equations for determining the pressure applied to the subgrade
by the ballast. It should be emphasised however, that these equations disregard the
effect of the subballast layer on the load transfer mechanism to the subgrade surface.
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The Manual specifies a minimum ballast thickness of 305 mm and a 150 mm subballast
thickness. The recommended equations are listed in Table 2.7. In these equations zmax
~
is the subgrade stress [psi], max is the sleeper-ballast contact stress [psi], h is the
equivalent thickness in inches except for the Japanese National Railways which is in
centimetres, Pstat is the static rail seat load [lb], FS is the factor of safety, and r is the
radius of a circle whose area equals the sleeper bearing area Asb [in].
The static rail seat load is different from the static wheel load. Atalar et al. (2001)
reported that part of the wheel load is transmitted to the adjacent sleepers and 40 to 60%
of the wheel load is resisted directly beneath the wheel. An assumption of 50% resisted
wheel load is believed to be fair.

The Talbot empirical formula was developed from a number of full scale laboratory
tests performed at the University of Illinois (AREA 1918). Several different types of
ballast were tested, including sand, slag, crushed stone, and gravel, with stresses from
applied static loads measured at various depths and locations under several sleepers.
The Japanese National Railways equation, on the other hand, was developed for narrow
gauge track.

Table 2.7 AREMA engineering manual equations (AREMA 2003).
Method
Talbot equation

 z max

Japanese National Railways equation

 z max

Boussinesq equation

 z max

Love equation

 z max

Equation
16.8
 ~ 1.25max
h
50 max

~
10  h 1.35
6 Pstat
 ~
2h 2
 
1
  max 1  
~
 
  1  r h

 max 
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The Boussinesq and Love equations were both based on the theory of elasticity. The
Boussinesq solution assumed that the rail seat load is a point load on the surface of the
substructure that forms a semi-infinite, elastic, and homogeneous mass (Poulos and
Davis 1974). The Love formula, meanwhile, was an extension of the Boussinesq results
in which the load supplied by the sleeper to the ballast was represented as a uniform
pressure over a circular area equal to the sleeper bearing area.

Li and Selig (1998a, 1998b) identified the following limitation of the methods described
above:
(a) an oversimplification of the actual situation for tracks under heavier axle
loads and higher train speeds;
(b) not reflecting the effect of repeated dynamic loads on subgrade conditions;
(c) not considering the granular layer properties, and
(d) an assumption of a homogeneous half space that represents ballast,
subballast and subgrade layers without considering the properties of
individual layers.

Yet these methods provide simple, easy to use solutions instead of the complex, tedious,
multilayer theories or finite element techniques. The vertical stress distribution in the
subgrade becomes practically uniform when the thickness of construction is greater than
600 mm. Sleepers spaced from 630 to 790 mm apart had a negligible influence on the
vertical stress level in the subgrade for a unit load applied to the sleeper.

2.6 Track Degradation Modes in Relation to Filtration and Drainage
The layers of subballast and subgrade generally contain some moisture at any given
time, in fact they perform best under cyclic load when in an intermediate to dry and
saturated state (Selig and Waters 1994). Excess substructure water, particularly when it
creates a saturated state similar to the situation in Figure 2.8, causes a significant
increase in the cost of track maintenance because of problems such as the following:
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(a) an increase in pore pressure under cyclic load that causes an increase in
plastic strain accumulation, a decrease in stiffness, and a decrease in
strength;
(b) loss of strength from an increase in the water content;
(c) subgrade attrition and slurry formation from ballast action;
(d) hydraulic pumping of fine material;
(e) change in volume from swelling;
(f) frost heave/thaw softening;
(g) ballast degradation from slurry abrasion, chemical action, and freezing of
water; and
(h) sleeper attrition from slurry abrasion.

Figure 2.8 Insufficient drainage along a railway line in NSW, Australia
(courtesy of Centre for Geomechanics and Railway
Engineering, University of Wollongong).

2.6.1 Fouling
Ballast fouling is used to indicate contamination by fines. Fouling of ballast over time is
one of the primary reasons why track geometry deteriorates, resulting in a decrease in
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performance associated with higher settlement and poor drainage. The fouling of ballast
usually increases track settlement due to a reduction in the friction angle and may cause
differential settlement. Where there is saturation and poor drainage, any contamination
of ballast may cause localised undrained failure (Indraratna et al. 2003). In severe cases,
fouled ballast needs to be cleaned or replaced to maintain desired track stiffness
(resiliency), bearing capacity, alignment, and level of safety.

An ideal substructure with durable and properly graded subballast on a stable subgrade
prevents the migration of the subgrade and subballast particles into the ballast voids
(Selig and Waters 1994). In this scenario, there are only three prevailing sources of
fouling: ballast breakdown, infiltration from the ballast surface, and sleeper wear.
Extensive field and laboratory studies conducted in North America (Klassen et al. 1987,
Collingwood 1985, Tung 1989, Selig and DelloRusso 1991) concluded that ballast
breakdown is the main source of ballast fouling, as shown in Figure 2.9 This finding is
contrary to popular belief by the railroad industry that mud on the ballast surface is
derived from the fine subgrade soil underlying the ballast (Selig and DelloRusso 1991).

Underlying
granular layer
13%
Surface 7%
Ballast 76%

Subgrade 3%
Sleeper 1%

Figure 2.9 Comparison of different sources of
ballast fouling (Selig and Waters 1994).

In Germany, the main source of finer components was from the surface. This
observation was shared by British Railway engineers who examined sources of ballast
degradation and generated a representative estimate of the contribution of each to the
amount of material when the ballast has become fully fouled, as shown in Table 2.8.
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Table 2.8 British Railways sources of fouling (Selig and Waters 1994).
Source
Delivered with ballast (2%)
Tamping
Attrition from various causes including
traffic and concrete sleeper wear
External input at 15 kgf/yr from wagon
spillage and airborne dirt
Total

Degradation
kgf/sleeper % of total
29
7
88
20
90

21

225

52

432

100

In a situation where the subballast consists primarily of durable but inadequately graded
sand particles, fouling through particle migration into the ballast voids may occur. In
addition to this, unremoved remnants of the old track bed, such as the lower part of the
old fouled ballast layer or a layer of crushable cinders or slag, may degrade under traffic
to produce fine particles. Migration is increased when water saturates the subballast
because of a pumping action of the traffic (Selig and Waters 1994).

Byrne (1989) indicated that fouling coming from the subgrade was caused by the
attrition of its relatively hard clay rich surface. Water not only helped weaken the hard
surface, but it also mixed with the subgrade particles to form a clay slurry which pumps
up through the voids in the overlying ballast layer. An example of contaminated ballast
layer is shown in Figure 2.10.
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Figure 2.10 Contaminated ballast (courtesy of Centre for Geomechanics
and Railway Engineering, University of Wollongong).

2.6.2 Clay pumping
Where subballasts are not in use, attrition of subgrade due to overlying ballast results
from overstressing at the subgrade surface. In low lying coastal areas where the
subgrade is generally saturated, the presence of water and its softening effect can result
in the formation of slurry at the interface of ballast and subgrade. In the absence of a
suitable separation layer, cyclic loading from passing traffic can cause this slurry to be
pumped up to the surface of the ballast to produce a pumping failure.

The fine particles resulting from clay pumping or ballast degradation form a thin layer
surrounding larger grains, which increases its compressibility. The fine particles also fill
the void spaces between larger aggregates and reduce the drainage potential of the
ballast bed. This clay pumping phenomenon clogs the ballast bed and promotes
undrained shear failure (Indraratna et al. 1992). Figure 2.11 shows an occurrence of clay
pumping along one of the railway lines in Victoria, Australia.

Chapter 2 Literature Review

32

Figure 2.11 Clay pumping along one of railway lines in Victoria, Australia
(courtesy of Centre for Geomechanics and Railway Engineering,
University of Wollongong).

2.6.3 Hydraulic erosion of ballast and sleepers
A particularly severe problem of ballast and sleeper degradation has been documented
and studied by British Railways (Holmes 1971, Waters 1974, Johnson 1982). This
problem seems to be most commonly associated with limestone ballast, for two reasons:
(a) limestone abrades more readily than other ballast, and
(b) the limestone particles tend to adhere so that they remain in a zone around
the sleeper where they trap water, restrict drainage, and form an abrasive
slurry that pumps with high velocity.

The sleeper attrition, as well as most of the ballast attrition, is believed to be associated
with the high hydraulic gradients in the liquid slurry beneath the sleepers (Klassen et al.
1987). In this situation, the speed of loading is more critical than axle load (Waters
1974). Due to traffic loading, the sleeper is driven downwards giving rise to high fluid
pressures within the dirty water beneath the sleeper. This excess fluid pressure
dissipates itself by jetting sideways and upwards from beneath the sleeper. A higher
traffic loading induces higher water pressure that is why this type of failure is seldom
associated with low speed lines (Selig and Waters 1994).
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This problem of hydraulic erosion can also begin from other sources of fouling, which
also cause the ballast around the sleeper to become impermeable, resulting in the
pooling of dirty water.

Furthermore, the jetting action can displace ballast particles from around the sleeper,
which reduces the lateral resistance offered by the ballast to the sleeper. The jetted
material is highly abrasive and in extreme cases can erode concrete sleepers to the point
of exposing their prestressing wires. When dried, the eroded fines can drastically reduce
the hydraulic conductivity around the sleeper and add to the abrasiveness of the jetted
liquid. Figure 2.12 shows an example of dried slurry deposited around the sleepers. The
factors common to this type of failure in the UK are (Burks et al. 1975):
(a) poor drainage;
(b) concrete sleeper to give high contact stress at particles;
(c) low wear resistant ballast material; and
(d) void under sleeper resulting in impact and hydraulic action.

Figure 2.12 Dried slurry deposited around the sleepers
(courtesy of Centre for Geomechanics and
Railway

Engineering,

University

of

Wollongong).
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2.7 Existing Subballast Selection Criteria with Reference to Filtration and
Drainage
Research has been conducted to establish the grading requirements of granular filters for
drains associated with seepage of water from soil under steady conditions (Cedergren
1989). The mechanism of seepage associated with the combination of subgrade and
ballast in rail track environment is governed mainly by the cyclic nature of the load
produced by the passing traffic. However little research has been done to establish any
gradation criteria for repeated load situations. The selection criteria currently used in the
industry are mainly based on filtration studies using static loading (Bertram 1940,
USACE 1953, USBR 1963). These design criteria were developed based on steady
seepage force rather than the cyclic conditions rail tracks are subjected to.

In rail track environments, the three sources of water entering the substructure are
precipitation, surface flow, and subsurface seepage. Because ballast has an open
surface, any precipitation falling onto the track penetrates the ballast rather than run off
the surface. Water flowing down adjacent slopes also goes through the ballast and the
underlying layers, unless diverted. Finally, in regions with a high groundwater table,
water can seep upward from the subsurface and enter the substructure zone. Adequate
drainage for these sources of water is of the utmost importance in order to prevent or
minimise substructure problems related to excess water.

2.7.1 Filter and hydraulic conductivity criteria
The subballast must prevent the intermixing of ballast and subgrade and the upward
migration of subgrade particles into the ballast. Intermixing results from progressive
penetration of the coarse ballast particles into the finer subgrade, accompanied by the
upward displacement of the subgrade particles into the ballast voids. This process can
occur when the subgrade is at any moisture condition. Upward migration of subgrade
particles develops from at least three sources (Selig and Waters 1994):
(a) subgrade seepage carrying soil particles;
(b) hydraulic pumping of slurry from subgrade attrition; and
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(c) pumping of slurry through opening and closing of subgrade cracks and
fissures.

Preventing intermixing and migration may be achieved by using a proper subballast
gradation. This is known as a separation function. As described by Cedergren (1989),
the filter criteria were first developed by Bertram in 1940 with advice from Terzaghi
and Casagrande. Subsequent studies were made by the U.S. Army Corps of Engineers
and the U.S. Bureau of Reclamation. The two separation gradation criteria are:

D15  5  d 85

(2.22)

and

D50  25  d 50

(2.23)

where Dn is the filter grain size and dn is the base particle size, which passes n percent
by weight of the total filter and base, respectively.

The criterion in Eq. (2.22) causes the particles at the coarsest end of the protected soil
(d85) to be blocked by the particles at the finest end of the filter (D15). Assuming that no
gaps exist in the grading of either the soil or the filter, the blocking action extends
through the entire grading of both materials and a stable network of particles exists. The
criterion in Eq. (2.23) helps to avoid gap graded filters and create a filter gradation that
is mostly parallel to the protected soil.

For medium to highly plastic clays without silt and sand, the criteria in Eqs. (2.22) and
(2.23) are relaxed for seepage applications to permit easier filter selection. In these
cases, the D15 size of the filters may be as large as 0.4 mm and Eq. (2.23) may be
ignored. To minimise the chance of filter particle segregation the coefficient of
uniformity (Eq. (2.24)) must not exceed 20.
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D

Cu   60  20
 D10


(2.24)

Deviation from the above recommendations may be desired in some cases because
obtaining a suitable subballast gradation may prove difficult. In such cases laboratory
tests can be conducted to test the filter capability of the subballast under repeated
loading.

Not only must the subballast satisfy the criteria in Eqs. (2.22) and (2.23) in relation to
the subgrade, but the criteria must also be satisfied in relation to the ballast. This
condition simultaneously places an upper and lower limit on the acceptable subballast
gradation. In case a single subballast material cannot be found to fit this range of sizes
for a particular subgrade and ballast, then a two layer subballast may be used. The upper
layer would be coarser to match with the ballast, while the lower layer would be finer to
match with the subgrade. The relationship between these two layers of subballast must
also satisfy Eqs. (2.22) and (2.23). A properly graded layer of sand and gravel
subballast combined with adequate external drainage would prevent slurry forming by
eliminating subgrade attrition (Byrne 1989). One reason is that the high stresses at the
ballast contact points on the subgrade surface are eliminated by the cushioning effect of
the subballast.

Drainage plays a significant role in the stability and safety of a track substructure.
Saturated tracks can lead to a build up of excess pore water pressure under train loading.
If the hydraulic conductivity of the substructure elements becomes excessively low,
especially the subballast layer, the excess pore water pressure developed under axle
loading often cannot dissipate completely before the next load is imposed. Thus, the
residual pore pressures accumulate with increasing load cycles. After a few load cycles,
the total excess pore water pressure becomes very high and often causes clay pumping
(Alobaidi and Hoare 1999).

As an intermediate layer, the drainage design of the subballast must consider both the
underlying subgrade and the overlying ballast. The general guideline dictates that the
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subballast hydraulic conductivity should be at least an order of magnitude smaller than
that the ballast and have a surface sloped towards the outside of the track. In order to
drain water seeping from the subgrade, including that produced by excess pore pressure
generated from cyclic stresses, the subballast should also have a hydraulic conductivity
greater than the subgrade. The exceptions are when the subgrade is relatively
permeable, such as a layer of natural sand or sand-gravel, or when no upward seepage is
expected, such as on an embankment.

Therefore, the subballast must generally have a hydraulic conductivity between that of
the subgrade and that of the ballast. This requirement probably is achieved just by
satisfying the separation criteria of Eqs. (2.22) and (2.23). However, an additional
established criterion is used to ensure adequate hydraulic conductivity to drain an
adjacent layer given as:

D15  4 ~ 5d15

(2.25)

Each subballast layer of a different material or gradation should have a nominal
compacted thickness of at least 150 mm, to allow for construction variability and some
subsequent compression under traffic. To serve as a structural material, the subballast
must also be permeable enough to avoid a significant positive pore pressure build up
under repeated load, must consist of durable particles, and must not be sensitive to
changes in moisture content. Such a material is represented by mixtures of sand and
gravel particles composed of crushing and abrasion resistant minerals. These materials
may be available in natural deposits or may be produced by crushing rock or durable
slags. Furthermore, soil susceptible to frost must be insulated by a sufficiently thick
covering layer of non-frost susceptible subballast soil, which also limits freezing
temperature. The combined thickness of the ballast and the sub ballast insulates the
subgrade and good drainage helps limit the source of water that feeds the growth of ice
lens.
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2.7.2 Examples of subballast selections
Figure 2.13 shows an example of a one layer subballast gradation relative to a typical
ballast gradation specified by AREA No. 4 and a fine grained subgrade. A broad
gradation ranging from fine gravel to silt size is required to satisfy Eq. (2.23). However,
the uniformity criterion specified in Eq. (2.24) was not simultaneously met.

In case a single subballast material cannot be found to fit the desired range of sizes for a
particular ballast and subgrade, then a two layer subballast may be used. In this type of
subballast arrangement, the lower layer is the capping layer or blanket layer. An
example of both a two layer subballast gradation in relation to a typical ballast gradation
(AREA No. 4) and a fine grained subgrade is given in Figure 2.14. The blanketing sand
layer recommended by British Rail and ASTM D1241 is broadly graded, which is very
close to the subballast layer shown in Figure 2.13.

The particle size distribution (PSD) of the capping material shown in Figure 2.15
closely resembles the subballast presently used in New South Wales, Australia. Also
shown is the PSD of ballast used in NSW rail tracks according to the specification of TS
3402 (RIC 2001).

A study conducted by Haque et al. (2004) on the filtration behaviour of granular media
under cyclic loading used two filter material gradations similar to the typical capping
material gradation usually placed underneath the ballast layer in a railway track in the
state of Victoria, Australia. The base soil used was a locally available clayey silt with a
typical gradation shown in Figure 2.16, together with the gradations of filter materials
and ballast as prescribed by Australian Standard 2758.7 (SA 1996).

In Queensland, Australia, Queensland Rail (QR) occasionally uses a material described
as MRD Type 2.4 Unbound soil as a capping layer in railway substructure. The
Department of Main Roads uses this material as a base or subbase layer in road
pavements. Figure 2.17 illustrates the PSD of this material used in the laboratory
testing, showing a GW soil.

Chapter 2 Literature Review

39

100
90

Fine-grained
subgrade
Suballast
grading limits

Percent finer by weight [%]

80
70
60
≤ 25

50
40
30
20

Ballast grading limits
by AREA No. 4

10
0
0.001

0.01

SILT or CLAY

0.1
1
Grain size [mm]

10

SAND
Fine

100

GRAVEL

Medium Coarse

Fine

Coarse

Figure 2.13 A 1-layer subballast system in relation to AREA No. 4 ballast
grading and fine grained subgrade (Selig and Waters 1994).
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Figure 2.14 A 2-layer subballast system in relation to AREA No. 4 ballast grading
according to and a fine grained subgrade (Selig and Waters 1994).
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Figure 2.15 PSD of ballast and capping layer in NSW, Australia.
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Figure 2.16 Gradation of filter material in relation to the PSD of clayey silt
subgrade and AS 2758.7 ballast.
Chapter 2 Literature Review

41

100
Percent finer by weight [%]

90
80
70
60

Type 2.4 unbound material,
Department of Main Roads,
Queensland, Australia
(Radampola 2006)

50
40
Ballast grading
limits by
Queensland
Rail (1998)

30
20
10
0
0.01

0.1

SILT or
CLAY

1
Grain size [mm]

SAND
Fine

Medium

10

100

GRAVEL
Coarse

Fine

Coarse

Figure 2.17 PSD of MRD Type 2.4 unbound material.

2.8 Empirical Investigations into Granular Filtration Behaviour
While experimentally developed filter design criteria do not explain the fundamental
mechanics of filtration and include over simplified assumptions and procedural bias,
they are simple to use and have an implicit consideration for all the major factors
affecting filtration (i.e., biological, chemical, geometric, hydraulic, and physical).
Design criteria based on experimental studies are usually given in the form of one or
more grain size ratios for the base and filter materials. Using metal sieves as filters,
Vaughan and Soares (1982) and Kwang (1990) showed that the use of d85 to represent
base soil stability would be acceptable. On the other hand, studies conducted by Kenney
et al. (1985) indicated that filter particles within the range of D5 to D15 seem to govern
the constriction size, which is largely independent of the shape of the filter PSD curve
and layer thickness. If the coarse base particles are able to retain the finer particles,
Terzaghi‟s retention ratio D15/d85 is a good representation of the stability of a base soil granular filter combination. Honjo and Veneziano (1989) validated this claim through a
statistical analysis on extensive data on previous laboratory results and practical
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experience confirming that the grain size ratio of D15/d85 is the most suitable parameter
in designing filters for cohesionless base soils. Other grain size ratios (D50/d50, D15/d15),
as proposed by some researchers, do not correlate well with filter performance (Sherard
and Dunnigan 1985, Honjo and Veneziano 1989, Indraratna et al. 1997).

2.8.1 Natural Resources Conservation Service method
This design procedure is mainly based on the results of laboratory tests carried out by
Sherard and colleagues (Sherard et al. 1984a, Sherard et al. 1984b, Sherard and
Dunnigan 1985, and Sherard and Dunnigan 1989) through the Natural Resources
Conservation Service (NRCS). The guidelines require classifying the base soils into
four categories, depending on the fines content (i.e., fraction smaller than US #200 sieve
size, 0.075 mm), determined after regrading the base soil PSD curves for the particle
size larger than US #4 sieve size. Subsequently, the maximum D15 size of effective
filters for each group is determined by the design criteria. With some modifications
from the original NRCS tabulated guidelines, Indraratna and Locke (1999) presented a
retention criterion for the four categories of base soil, as shown in Table 2.9.

The NRCS guidelines also impose constraints on the maximum size of filter particles
and the Cu of the filter bands in order to prevent segregation during installation, and to
avoid the selection of gap graded filters. Foster and Fell (2001) suggested that the lower
limit of fines content for Category II base soil should be changed from 40 to 35%, while
the maximum D15 for dispersive soil in the same group should be lowered to 0.5 mm.
Although studies such as Sherard and Dunnigan (1985, 1989) and Foster and Fell
(2001) found that tests on fine silts and clays failed with retention ratios from 6 to 14,
they still recommended D15/d85R ≤ 9 as the most appropriate filter criterion for the soils
in the first group by considering the average value.
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Table 2.9 Recommended empirical filter retention criteria (Indraratna and Locke1999).
Base soil category
I. Fine silt or clay

II. Sandy silts/clays and
silty/clayey sands
III. Sands, sandy gravels
with few fines

Base soil % passing 75 m
sieve (< 4.75 mm)*
> 85

Filter criterion

40 – 85

D15 ≤ 0.7 mm

< 15 and

d 95R
7
d 75R

IV. Soils intermediate
5 - 39
between previous two
categories
*of portion passing 4.75 mm sieve size

D15
9
d 85R

d
D15 
 5  0.5 95R
d 85R 
 d 75R





Extrapolate between the
two previous values based
on % passing 75 m sieve

The finer particles of internally unstable, broadly graded soils (i.e., Cu  20) can move
into the voids between the coarser particles leading to erosion even when the coarser
base particles are retained by a filter. In order to have successful filtration within this
soil type, the process of self-filtration where a base soil - granular filter interface
would prevent further erosion of base soil, is important. Lafleur et al. (1989) indicated
that the extent of mass loss is greater for broadly graded cohesionless base soils before
self-filtration occurs. Locke and Indraratna (2002) introduced the Reduced PSD method
to determine the self-filtering stable fraction of a broadly graded base soil for both
Categories I and II. The self-filtering fine fraction is determined by dividing the PSD at
a point n (where n is the percentage passing diameter dn) to define d15 of the coarse
fraction and d85 of the fine fraction as given in Equations (2.26) and (2.27). These new
design criteria often allow coarser filters for self-filtering base soil, while significantly
finer filters may be necessary to protect some broadly graded materials.
d15coarse  dn  0.15100 n 

(2.26)

d 85 fine  d 0.85n

(2.27)
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2.8.2 Lafleur method
The concept of self-filtration in relation to broadly graded cohesionless base soils was
further studied by Lafleur (1984) and Lafleur et al. (1989). It was reported that the
classic Terzaghi‟s retention criterion leads to unsafe filter designs when applied to this
soil group. Furthermore, Lafleur et al. (1989) found out that the base particle size in the
case of broadly graded and gap graded base soils is invariably smaller than d85 in
comparison to the size of filter opening suggested by Kenney et al. (1985). Based on
filtration test results on broadly graded cohesionless tills, Lafleur (1984) suggested a
design procedure involving the original Terzaghi‟s criterion where d85 is replaced by the
appropriate indicative base particle size. This procedure, as depicted in Figure 2.18,
separates the crack susceptible materials, i.e., cohesive, from cohesionless base soils.
Considering the latter, the initial step is to determine if the soil is broadly graded. Soils
with Cu < 20 should be considered as broadly graded if segregation occurs during
placement but if the soil is not broadly graded, the self-filtration size, dsf, is equal to d85.

Base Gradation Curve
Cohesionless

NO

Cohesive
Non
Dispersive
D15 ≤ 0.4 mm

Broadly
Graded
Cu > 20

Legend:

YES
Linearly
Graded

Dispersive
D15 ≤ 0.2 mm

Gap
Graded

Concave
Upward

Internally
Stable

NO

dsf = self-filtration size
of the base
d85 = 85% of the base
D15 = 15% of the filter
dD* = lower size of the
gap
** risk of selfclogging

dsf = d85
YES
Linearly
Graded
dsf = d50
Retention
D15 < 4dsf

Gap
Graded
dsf = dD*

Internally Unstable &
Concave Upward**
dsf = d20

Permeability
D15 > 4d15

END

Figure 2.18 Lafleur method of filter design (ICOLD 1994).
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2.9 Mathematical Formulations in Filtration Research
Deficiencies in empirical investigations are addressed in rigorous analytical modelling
and numerical simulations. Mathematical modelling of the filtration behaviour of base
particles provides useful predictions on time dependent changes in filters as well as an
indication of the required thickness. Moreover, these models may generate the potential
amount and rate of base soil erosion under various geo-hydraulic constraints or an
estimate of the probability of filter failure brought about by clogging on the base soil granular filter interface.

Real soils consist of particles of many sizes, and at their densest packing the voids
between large particles contain smaller particles, and the voids between these contain
yet smaller particles (Figure 2.19(a)). The Fuller and Thompson (1907) packing model
is the idealised limit of this concept wherein the largest particles just touch each other,
while there are enough intermediate size particles to occupy the voids between the
largest without holding them apart, and smaller particles occupy the voids between
intermediate sizes (Figure 2.19(c)). In the loosest state, it is possible for groups of real
soil particles to form “arch” structures, which can be sustained if left undisturbed
(Figure 2.19(b)). This unstable structure may collapse under the influence of a sudden
shock, vibration, or inundation.

(a)

(b)

(c)

Figure 2.19 States of packing of soil particles: (a) densely packed, (b) loosely packed,
and (c) idealised "Fuller and Thompson" packing (modified after Head
1982).
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When a collection of equal spheres is in face to face contact, their extreme states of
packing can be represented diagrammatically in two dimensions, as shown in Figure
2.20. They may be densely packed to attain a porosity of 26% as shown in Figure
2.20(a), or loosely packed with a porosity of 48%, as shown in Figure 2.20(b). The
largest particle diameter d, which can fit between spheres of diameter D, becomes the
controlling constriction size of the pack. While these models give some idea of the
geometry and controlling constriction of filters, these spherical particles and regular
packing are too far from reality to be used for design purposes. Partially offset by the
more irregular shape of real sand grains, Head (1982) expected that the extreme limits
of porosity values of many natural sands do not differ greatly from the theoretical
values of equal spheres.

Constriction
size

D

(a)

D

(b)

Figure 2.20 Particle packing arrangement for (a) the densest, and
(b) the loosest state (Indraratna and Locke 2000).

2.9.1 Geometric-probabilistic models
Recent mathematical approaches include geometric-probabilistic methods of modelling
base soil - filter combinations. These methods consider the fact that soil masses are
made up of a random distribution of an array of particle sizes, and recognises the
geometric requirement that a base soil particle must be smaller than the pore
constriction (the smallest opening between pore voids) through which it should pass.
This approach tends to represent a combined probabilistic comparison of the base
particle size and filter constriction size, hence, a constriction size distribution (CSD).
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Silveira (1965) was the first to adopt this approach to examine the migration of base soil
particles into filters using a theoretical packing model. With further advancement,
Silveira et al. (1975) defined the constriction size DcD (Figure 2.21(a)) as the diameter
of the largest circle that can fit within three tangential filter particles, as described by
Equation (2.28). Humes (1996) assumed that in a filter of maximum density only the
densest arrangements exist. This equation can be solved for DcD by an iterative process
for a given set of values of particle sizes P1, P2 and P3.

2  2  2  2 
1  2   2   2   2
           
         
2  P1   P2   P3   DcD
 P1   P2   P3   DcD 
2

2

2

2

P1

P2



DcL


P3

P4

(a)
Figure 2.21

(2.28)






DcD

2

P2

P1

P3





(b)

Sc
(c)

(d)

Filter particles in (a) dense, and (b) loose packing arrangement, (c)
constriction area formed by tangent particles, Sc, and (d) circle of
equivalent area (modified after Silveira et al. 1975).

Since filters are not expected to sustain their maximum density during seepage, Silveira
et al. (1975) presented an alternative void model for the loosest state of a soil where
four particles combine to form a void, as shown in Figure 2.21(b). Unlike the dense
model, Silveira et al. (1975) noted that any analytical solution for the constriction size
in this case is difficult without any reasonable simplification to the problem. Referring
to Figure 2.21(c) to Figure 2.21(d), the constriction size, DcL, is the diameter of
equivalent circle with the same area as the enclosed area, Sc, formed by four tangent
particles. For any set of four particles of sizes P1, P2, P3, and P4, the constriction area,
Sc, can be determined by the following:
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1
P1  P2 P1  P4 sin   P2  P3 P2  P4 sin  
8
P12  P22  P32  P42

Sc 





(2.29)

The angles ,  and  can be related to  by plane geometry. For a particular angle ,
when the value of Sc is maximum, then the constriction size in the loosest arrangement
based on equivalent diameter DcL is given by:

DcL 

4S c max

(2.30)



The dense constriction model of Silveira (1965) had been shown to be an acceptable
approximation for uniform filters where

filter PSDs either by mass or by number of

particles are used. However, De Mello (1977) showed the limitations of the PSD by
mass to model constrictions of GW filters. Large particles, with high individual mass
but low in number, are over represented in the model and produce a high number of
large pores. It was shown that as Cu increases, the number of small particles filling the
voids between the larger particles would increase, leading to smaller constriction sizes.
Federico and Musso (1993) overcame this problem by converting the PSD by mass to
PSD by number of particles. Raut and Indraratna (2004) showed that if a filter material
is composed of n discretised diameters P1, P2, P3, …, Pn (Figure 2.22) and their mass
probabilities of occurrence PM1, PM2, PM3, ..., PMn respectively, then their probabilities
by number can be obtained by multiplying the mass probabilities by their corresponding
coefficients PN1, PN2, PN3, …, PNn given by the generalised equation below:

PMi
PNi 

Pi 3
n P
Mi
 3
i 1 P
i
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Figure 2.22 Discretised filter PSD (Federico and Musso 1993).

Although the PSD by number is better able to predict movement in graded materials,
limitations were encountered when dealing with broadly graded materials. Eliminating
the fundamental restrictive assumption that the pore size distribution of the filter is not
modified by the particle diffusion process taking place during filtration, Humes (1996)
and Schuler (1996) further examined the potential filter clogging process and suggested
an improvement by adopting a PSD by the surface area method. Accordingly, particle
probabilities of occurrence by the surface area can be obtained by multiplying the mass
probabilities by their corresponding coefficients PSAl, PSA2, PSA3, …, PSAn given by the
following generalised equation (Humes 1996):

PSAi

PMi
P
 i
n P
Mi

i 1 P
i

(2.32)

This is considered more representative of the possible particles which may form a
constriction, since although there will be a small number of larger particles, they have a
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great number of contacts with other particles, due to their large surface area. Figure
2.23(a) shows a GU filter having a Cu of 1.4. It is clear that any PSD whether it is by
mass, number, or surface area, results in nearly the same CSDs for a GU filter.

For a non-uniform filter, the resulting CSDs for the same PSD are very different. Figure
2.23(b) shows the CSDs by number, surface area, and mass for a GW filter as simulated
by Raut and Indraratna (2004) using a numerical solution. The CSD by mass
overestimates the bigger constrictions. The CSD by number of particles, on the other
hand, overestimates smaller constrictions and underestimates the larger constrictions.
The option involving the CSD by surface area estimates the CSD well by eliminating
the misrepresentations caused by mass and number considerations. It was shown that
the CSD with percent passing by surface area of the particles is a better option to
quantify the filter characteristics, particularly for non-uniform filters.

Physical geometric modelling in combination with the probabilistic analysis that
developed into a means of measuring the CSD, had been attempted by various
researchers. A summary of these attempts at mathematical modelling in chronological
order conducted over the years is shown in Table 2.10, which provides some
background to the progression of the constriction based retention criterion for granular
filter material.
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Figure 2.23 CSDs by number, surface area, and mass for a
GU filter (Raut and Indraratna 2004).
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Table 2.10 Chronological progression of development in mathematical modelling
conducted by different researchers in relation to constriction sizes.
Year
1907
1965
1975
1977
1979
1985

1989
1993

Highlight
Theoretical grading and the densest possible state of packing
of a collection of uniform spheres
Simple Filter Void Model: base soil particles encounter
constrictions at uniform spacing in the direction of flow
Constriction sizes for the densest state and loosest state of
packing of a soil are defined
Limitations of PSD by mass to model constrictions of well
graded filters are shown
A model of a flow path in the form of a pore channel with
irregular width in the direction of flow is developed
Multi-layered Void Network Model: estimates the number of
confrontations with random constrictions until a base particle
is retained; developed the PSD by numbers to model
constrictions of GW filters

Author
Fuller and
Thompson
Silveira

Particle Transport Model: based on conservation of mass in
the solid and liquid (slurry of soil and water) phases
Experimental results on CSD of filter according to
geometric-probabilistic filtration theory are presented
Enhancement of the 1975 model is presented

Honjo and
Veneziano
Soria et al.

Silveira et
al.
De Mello
Wittmann
Kenney et
al.

Silveira

1996

Three Dimensional Pore Network Model: spheres as pores
Witt
interconnected by pipes as pore constrictions
Cubic Pore Network Model: a regular cubic network of pores Schuler
interconnected by six constrictions similar to Witt (1993)
model
Giroud

1997

The densest packing state in certain locations even in a
medium dense soil is found to exist
Pore Channel Model: improves the particle transport model
showing smallest of the pore constrictions within the pore
channel governs the size of a base particle that can pass
through the pore channel
The Indraratna and Vafai (1997) model is improved by
incorporating the cubic pore network model
CSD Model: numerical evaluation of the effectiveness of
non-uniform granular filter
Dc95 Model: the dominant constriction size (Dc95) is used to
delineate effective from ineffective granular filters
Dc35 Model: a retention criterion based on the controlling
constriction size (Dc35)

Indraratna
and Locke
Raut and
Indraratna
Indraratna
and Raut
Indraratna
et al.

2000
2004
2006
2007
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2.9.2 Particle infiltration models
Honjo and Veneziano (1989) presented a model based on the conservation of mass in
the solid and liquid (slurry of soil and water) phases that can describe the absorption and
release of soil particles with time in different elements of the base and filter. The model
was used to demonstrate the self healing of the base soil as coarser particles collect at a
screen with a systematic pattern of apertures. In addition, internal stability was also
investigated using this model.

Kenney et al. (1985) used a multi-layered one dimensional constriction model to
analytically investigate the size of controlling constriction in a filter that is defined as
the size of the largest base soil particle that can potentially penetrate the filter. Although
this model is a good approximation of uniform filters and provides a sound
understanding of the fundamental filtration mechanisms, it considers the flow channels
to be independent.

Indraratna and Vafai (1997) integrated the Honjo and Veneziano (1989) model into their
pore channel model to provide a geometric constraint to movement. They also
considered the hydraulic forces required to mobilise the particles. If the minimum
hydraulic force is exceeded then particle movement is modelled by the conservation of
mass and momentum to produce a particle transport model rather than an analysis of the
probability of particle movement. Locke and Indraratna (2000) extended this work
further to consider a more accurate three dimensional cubic void network model which
could accommodate broadly graded filter materials with an allowance for energy loss
due to particle transport, and the filtration of cohesive soils. They used the pore model
shown in Figure 2.24 to evaluate the number of elements at the base soil - granular filter
interface where particle movement is modelled by a finite difference procedure and the
elements considered were thicker than 300D5. The minimum single controlling
constriction size (D0) was implemented. The model quantified the gradual change in
PSD, hydraulic conductivity, and porosity of the materials with time, which means it
described what occurred at the base soil - granular filter interface for the entire range of
particles.
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Figure 2.24 Void channel model (Indraratna and Vafai 1997).

2.10 Constriction Size Distribution Model
The void constrictions within the filter, not the filter particles, affect the filtration
mechanism. Base particles are trapped by the smallest part of a connection between two
voids, the size of which depends on the size and packing geometry of the filter particles.
Locke et al. (2001) highlighted the inadequacies of the PSD based retention criteria
when describing filter effectiveness. With the introduction of geometric-probabilistic
models and development of particle infiltration models, the appropriateness of using
CSD in filter design is emphasised more.

2.10.1 Filter compaction
Schuler (1996) examined the CSD of a soil at varying relative densities and reported
that all the CSD curves have the same shape. However, Giroud (1996) suggested that at
certain locations within a medium to dense granular material, a number of particles
would group together to form a maximum density arrangement. These two observations
implied that within a granular filter, the smallest pore constrictions would be the same
size regardless of its density and the distribution of coarser pore constrictions would
vary, having the same shape as the minimum and maximum CSD curve. Real filters are
unlikely to exist either in the densest or loosest states, but rather at an intermediate
density. Hence, a more representative pore model should also consider the relative
density of a filter.

Chapter 2 Literature Review

55

Based on these findings, Indraratna and Locke (2000) assumed that the coarser pore
constrictions between the dense and loose constriction models expand in linear
proportion to a decrease in relative density. In addition, the smallest constrictions are
the same size as the smallest constrictions of the dense packing arrangement. This
allowed for a simple formulation for the actual CSD based on (a) the dense CSD, (b) the
loose CSD and (c) the filter relative density (Rd) defined in Equation (2.33):

Rd 

emax  e
emax  emin

(2.33)

where emax and emin are the maximum and minimum void ratios respectively, and e is the
actual void ratio of the filter. The actual CSD is calculated using Equation (2.34). The
dense and loose CSDs are divided into n equal discrete portions. The integer i represents
these discrete portions of the CSD such that Pci = i/n is the fraction of constrictions finer
than constriction diameter Dc representing the median diameter of the ith portion of the
CSD, hence:

Dci  DcDi  Pci 1  Rd DcLi  DcDi 

(2.34)

In Equation (2.34), i = 0, 1, 2, ..., n, and DcDi and DcLi are the 100Pci coarsest
constrictions from the densest and loosest CSDs, respectively. In order to explain the
application of Equation (2.34), for i = 0 the finest constriction diameter Dc0 is the finest
diameter of constrictions from the dense CSD. If n = 10, then i = 1 corresponds to the
constriction diameter with 10% (i.e., 1/10) of constrictions finer. A typical behaviour of
the CSDs of the same filter material but with varying relative densities is shown in
Figure 2.25.
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Figure 2.25 Influence of relative density on CSD based on numerical
solution (Raut and Indraratna 2004).

2.10.2 Filter thickness
The pore channel model in Figure 2.24 was based on the least single controlling
constriction size (D0) and the thickness of the filter element considered was greater than
300D5. Further refinements by Indraratna et al. (2007) produced a model that suggested
a minimum filter thickness based on the mean value of controlling constriction size
(Dm). According to Figure 2.26, the number of layers (nl) becomes high when the
probability of forward movement of base particles approaches unity and the particles
were 35% or finer. At a 95% confidence interval the rapidly increasing nature of the nlcurve for the percentage of finer less than 35%, clearly indicates that any further
increase in thickness beyond 225Dm does not contribute to base soil retention
significantly.

Given that the computation of Dm is based on surface area principle, it varied from D5 to
D15 in most practical dam filters. In this respect a filter thickness of 225Dm is in
agreement with the laboratory observations of 300(D5 to D10), as suggested by Witt
(1993) and 200D5 by Kenney et al. (1985). For typical filter gradations (e.g., ICOLD
1994), all these values vary from 40-60 mm and may be used as preliminary guidance in
the design of filters. In practice, the thickness of dam filters is usually much greater than
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the above mentioned values. For both construction feasibility and structural stability, the
actual thickness of dam filters often exceeds 500 mm (ICOLD 1994).
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Figure 2.26 Influence of relative density on CSD based on
numerical solution (Raut and Indraratna 2004).

2.10.3 Dominant filter constriction size (Dc95)
The existence of a dominant filter constriction size was indirectly introduced into the
formation of self-filtration layers in internally stable broadly graded soils (Kenney et al.
1985, Lafleur et al. 1989). Probabilistic studies conducted by Locke et al. (2001) found
there was a 95% chance that a base particle larger than Dc95 could not penetrate a single
layer of the filter, and therefore would not influence self-filtration. Indraratna and Raut
(2006) clearly demonstrated that dominant constriction sizes of various filter types
occur at 95% finer. The proposed approach of using the largest dominant constriction
size Dc95 for disregarding coarser particles that do not influence filtration is more
comprehensive than Terzaghi‟s method of using particle size ratios, especially with GW
soils. This modification of the base soil PSD also explains why the coarser particle
fraction could be ignored in filter designs that involve GW and internally unstable gap
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graded base soils (Lafleur et al. 1989). In other words, the PSD of the self-filtration
layer is formed by filter particles and base particles finer than the constriction size Dc95.

2.10.4 Controlling filter constriction size (Dc35)
In order to improve the multi-layered one dimensional constriction model of Kenney et
al. (1985), which assumed the flow channels to be independent, Indraratna and Locke
(2000) considered a three dimensional pore network model. Possible sideways exits for
the base soil particles were incorporated into a mathematical investigation of the size of
controlling constriction in a filter. This new model increased the value of probability of
forward movement corresponding to the percentage value of larger constrictions.
Further analysis by Locke et al. (2001) led to a constriction model that presented an
exceedingly high probability of forward movement with a confidence interval of 95%.
The probability approaches unity at a constriction size finer than 35%. A particle of
base soil smaller than Dc35 would not be retained by a granular filter unless the
constrictions become progressively finer due to self-filtration. Based on this, Indraratna
et al. (2007) proposed that the controlling constriction in a granular filter can be given
by the specific constriction size Dc35.
Comparative calculations on the controlling constrictions Dc35 by Indraratna et al.
(2007) indicated a close agreement with the findings of other authors (Sherard et al.
1984a, Kenney et al. 1985, Witt 1993, Foster and Fell 2001). Deviations of the
computational findings from those of Witt‟s (1993) experimental measurements were
attributed to the effect of Rd on the behaviour of the size of the constrictions. Witt‟s
(1993) approach for calculating constriction sizes of filter particles on silicon rubbers
did not include the role of Rd. The effect that Cu had on controlling constriction sizes
was clearly established which verified that the controlling constriction sizes in nonuniform filters were smaller than those in uniform filters for the same D15 and for a
given level of compaction (Sherard et al. 1984a).
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2.10.5 Base soil representative parameter (d85sa)
Modelling filters and base soils by the PSD based on surface area, Indraratna et al.
(2007) clearly demonstrated why the filter effectiveness tends to decrease as the base
soil becomes increasingly non-uniform. Base soils having the same d85 by mass, but
with increasing Cu values they were shown to have a reducing effective amount of base
soil particles larger than d85. The proposed d85 by surface area (d85sa) as the base soil
representative parameter offers an advantage of taking into consideration the PSD and
Cu in a single value. Particularly for non-uniform soils and in agreement with data taken
from various past studies (Lafleur 1984, Honjo and Veneziano 1989, Foster and Fell
2001), d85sa should satisfy the condition that at least 15% of the base soil particles are
retained whereas the use of conventional d85 does not.

2.11 Constriction Based Criteria for Assessing Filter Effectiveness
Filter effectiveness has been evaluated by guidelines based on the grain size ratio of the
base soil - granular filter combination. Considering that the size of the voids within a
filter rather than the actual particles effect filtration, it is more appropriate to develop
filter design criteria in terms of constriction sizes.

2.11.1 The Dc95 model
A new procedure incorporating the CSD of the filters (Figure 2.27) was developed by
Raut and Indraratna (2004) to assess the effectiveness of the same test data used by
Indraratna and Vafai (1997). Here the largest particle of the base soil was smaller than
the smallest constriction of filter F2 that meant that the filter could not stabilise the base
soil. The constrictions of filter F1 are larger than the finer particles of the base soil,
whereas the coarser base particles are large enough to initiate self-filtration, which
means the filter can retain the base soil. Furthermore, it seems possible that filter F2
could retain base soil that is equivalent in size to filter F1.

As an extension to their work in 2004, Indraratna and Raut (2006) proposed constriction
size Dc95 as a cut off value where base particles larger than the constriction size do not
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influence the process of self-filtration because they do not penetrate the filter. The base
soil PSD must also be modified accordingly. When eroded base particles are transported
to the filter only coarser particles larger than the controlling constriction size are
captured initially. These finer constrictions progressively retain finer base particles to
form a self-filtration layer. The representative diameter of the modified base soil PSD is
then reduced to d85sa.
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Figure 2.27 CSDs of effective (F1) and ineffective (F2) filters (Raut and
Indraratna 2004).

Figure 2.28(a) and Figure 2.28(b) are examples of determining filter effectiveness using
the criterion Dc95 for filters F1 and F2, and the corresponding modified base soil PSD.
The values of Cu for filters F1 and F2 are 1.20 and 5.23, respectively. Each filter‟s
constriction size Dc95, the PSD of the self-filtration layer, and the PSD of the base soil
were determined and examined. The analyses confirmed laboratory observations that
filter F1 was ineffective while F2 was effective. These results were subsequently
verified through Kenney and Lau‟s (1985) H/F method for calculating the filter‟s
internal stability wherein F is the mass per cent passing diameter D, and H is the mass
per cent between diameters D and 4D. A ratio greater than 1 suggests a stable grading
provided that F  30% for uniform coarser part (Cu < 3), and F  20% for widely graded
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coarser part (Cu > 3). Furthermore, the absence or presence of a gap in the self-filtration
layer PSD plot indicates effectiveness or ineffectiveness, respectively.
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Figure 2.28 Analyses of (a) an ineffective uniform filter F1, and (b) an effective well
graded filter F2 with a well graded base soil (Indraratna and Raut 2006).
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2.11.2 The Dc35 model
Several past studies, including Honjo and Veneziano (1989), investigated the filtration
process using mechanical sieves as filters, and revealed that the sieve can only retain the
base soils if at least 15% of their particles are larger than the sieve aperture. Although a
granular filter of randomly compacted particles is more complex than a regular
mechanical sieve, it can still be considered equivalent to a sieve with apertures equal to
the controlling constriction size (Dc35). In this perspective, an effective base soil granular filter combination must have Dc35 smaller than d85sa to ensure that at least 15%
of base particles are available to initiate and sustain self-filtration, hence:

Dc 35
1
d 85sa

(2.35)

The above constriction based criterion for base soil retention is comprehensive because
it considers an array of fundamental parameters including PSD, CSD, Cu, and Rd, in
comparison with the single filter grain size of D15 and the base particle size d85 in the
Terzaghi criterion.

Using the same test data from Indraratna and Vafai (1997) in Figure 2.27, an analysis
based on the Dc35 model was performed by Indraratna et al. (2007). In relation to the
current model, the filter CSDs and the PSDsa of the base soil were computed and plotted
in Figure 2.29. Here Dc35(F1) < d85sa, and Dc35(F2) > d85sa, which classifies F1 as
effective and F2 as ineffective. These predictions are in accordance with the
experimental observations reported by Indraratna and Vafai (1997).
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Analysis of moderately graded base soil and effective filter F1 and
ineffective filter F2 (modified after Indraratna et al. 2007).

2.12 Implications to Current Design Guidelines
The proposed constriction based Dc95 and Dc35 criteria cannot be directly compared with
the two well known existing design guidelines applied in professional practices namely
the NRCS (1994) and Lafleur (ICOLD 1994) methods. The existing design guidelines
provide varying filter boundaries depending on the percentage of fines in the base soils.
However, as the existing methods are based on experimental studies on cohensionless
soils, a comparison can be made by first applying the necessary regraded criterion
D15/d85R  4 (Indraratna et al. 2007).
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Table 2.11

Comparison of capacities between particle based and constriction based
filter criteria.
Terzaghi
(USACE
1953)

NRCS
(1994)


Dc95 Model
(Indraratna and
Raut 2006)
X

Dc35 Model
(Indraratna et
al. 2007)
X

Regrading required



Inherent internal
stability analysis

X

X



X

Enhanced design
certainty due to selffiltration PSD

X

X



X

Clear distinction
between effective and
ineffective filter

X

X





Porosity, Rd, and Cu
considered

X

X





Analytical principles
applied

X

X





Criteria capabilities

The lack of reliability and adequacy of D15/d85 < 5 (USACE 1953) as a criterion for
effectiveness of filter was emphasised when used on tests results involving base soils
with increasing Cu. The proposed constriction based criteria clearly establish an
effective zone away from some filters involving retention ratios D15/d85 well below 4-5
that failed to retain the GW base soils but still plotted in the effective zone (Indraratna
and Raut 2006, Indraratna et al. 2007). Furthermore, the proposed models did not
require the base soil to be regraded. Table 2.11 highlights the advantages of the
constriction based models compared to the empirically developed particle based criteria.

The proposed Dc95 model had an inherent capability of satisfying internal stability
requirements. A prior analysis to examine the internal stability of the base soil was
unnecessary because it was taken care of through the H/F technique of Kenney and
Lau‟s (1985). In plotting the self-filtration PSDs, the „gap‟ in all ineffective base soil granular filter combinations were clearly established, providing more certainty to the
design.
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The use of CSD and PSD by surface area in the Dc35 model eliminated the limitations of
the particle size based retention criterion. Indraratna et al. (2007) clearly demonstrated
that for highly GW cohesionless tills where the conventional (by mass) d85 size was
usually much larger than d85sa, a cluster of coarse and uniformly ineffective filters fell
into the predicted effective zone that required the introduction of additional constraints
(USACE 1953) to ensure effective filtration. According to the proposed model, none of
the filters proven experimentally to be ineffective fell into the predicted effective zone.

The existing granular filter design criteria (NRCS 1994) proposed considerable
improvements over the original Terzaghi‟s criterion (USACE 1953). Further
improvements were demonstrated by Indraratna and Raut (2006) and Indraratna et al.
(2007) in their proposed constriction size approach, which have equally acceptable
methods for distinguishing between effective and ineffective filters. The integration of
filter compaction, porosity and Cu, together with the incorporation of analytical
principles capturing the surface area and constriction size concepts, have essentially
made the models more comprehensive, quantifiable, and realistic.

2.13 Steady State Seepage Hydraulics of Porous Media
2.13.1 Development of Kozeny-Carman equation – a rationale
Steady state seepage hydraulics through porous media is governed by the three
dimensional equations of continuity and Navier-Stokes. Using the Hagen-Poiseuille
solution of the Navier-Stokes general equation, in addition to the application of Darcy‟s
law and some relevant geometric assumptions, Kozeny (1927) presented a relationship
between the hydraulic conductivity (k) and porosity n (or voids ratio e) of a porous
medium. Considering the tortuosity (τ) and shape of the channels within which a fluid
particle has to travel through, Carman (1938) modified the equation and came up with
the more general and well known Kozeny-Carman (KC) formula:
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k ms 1 

1  d e2 n 3
72     1  n 2

(2.36)

where  = unit weight of the permeant [N/m3],  = dynamic viscosity of the permeant
[Pa-s], de = diameter of the spherical solid particle (or the cubic grain) [m], and  =
shape coefficient. A condensed walkthrough of the key assumptions and derivation of
the formulations concerning steady state seepage hydraulics in porous media is
presented in Appendix 1.

One of the other commonly used versions of the KC formula is written in terms of the
specific surface of the particle (S0). This is derived from the fundamental definition that
the S0 of a spherical solid particle (also applicable for cubical solid grain) is equal to the
ratio between its surface area and its volume, thus giving the following equation:

de 

6
S0

(2.37)

where S0 has units of 1/m. Since the surface area/volume ratio is influenced by the shape
of individual soil grains, the original formula is supplemented by the use of , whereby

 is equal to 6 for spheres. If the version of the KC formula similar to Eq. (2.36) is used,
the value of  becomes 1. The introduction of this coefficient accounts for the
difference in angularity between the sphere and the actual natural materials and its range
of empirically derived values differ from one researcher to another.

Recent advances in steady state hydraulics have shown that the KC formula can provide
satisfactory k estimates of fully saturated homogenised soils. In comparison to an
extensive collection of experimental data, Chapuis and Aubertin (2003) validated the
adequacy of the KC formula for an even wider variety of materials, including both
granular and clayey soils, provided that S0 is calculated properly. For non-plastic soils
S0 can be simply estimated from the conventional particle size distribution by mass
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(PSDm) (Dullien 1979, Lowell and Shields 1991) and a number of improvements have
been proposed ever since (e.g., Kovacs 1981, Chapuis and Légaré 1992).

Since its inception, the KC formulation has been popularised through classical soil
mechanics and hydrogeology textbooks (e.g., Taylor 1948, Lambe and Whitman 1969,
Freeze and Cherry 1979). A summary of further modifications on the KC formula in its
application to different porous media is provided by Xu and Yu (2008). Engineering
practitioners however, are less adaptable at determining S0 and they still rely on
traditional empirical plots for estimating k. One possible way to encourage the use of
the KC formula is by using its form in terms of de.
Although his work was a key corner stone for all investigations related to the
determination of the characteristic diameter for a heterodisperse sample, Kozeny (1927)
originally developed the model for materials with uniform sized particles.
Heterodisperse samples are composed of granular materials of wide distribution of sizes
(well graded). The particle size that passes 10% by mass of the total sample (d10) has
been used and accepted as a good representation of de for uniform materials. For nonuniform materials, large particles with a high individual mass but low in number are
over represented because it is unlikely that these few large particles would meet
together to form a large pore (Locke et al. 2001). Consequently, the errors introduced
by using this method diminish the reliability of this predictive formula for non-uniform
materials. In research involving filtration analysis, Humes (1996) suggested that
although there are only a small number of large particles in a non-uniform material, they
impose significant contact with other particles due to their larger surface area.

2.13.2 Formulation for the effective diameter
The Kozeny-Carman equation was developed after considering a porous material as an
assembly of capillary tubes for which the equation of Navier-Stokes can be used. Based
on the assumption that the ratio of the surface area of the capillary tube to its inner
volume should be equal to the ratio of the grain surface area to the pore volume, Kozeny
(1927) recommended de as the effective diameter representing the characteristic
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diameter of a heterodisperse sample undergoing seepage hydraulics. According to the
original definition, this is the diameter of a sphere whose homodisperse sample has the
same surface area/volume ratio as the heterodisperse spherical sample in question.
Homodisperse samples are composed of granular materials of uniform distribution of
sizes (uniformly graded).

The de discussed in the preceding paragraph is only related to a single grain. In nature,
no layer is built up from particles of identical size and shape. To accommodate a more
general application, the technique of calculating the effective parameter was further
developed by way of discretising a given PSDm curve into a number of segments. If a
non-uniform soil material is composed of j discretised diameters d1, d2, d3, …, dj and
their corresponding mass percent finer p1, p2, p3, ..., pj, then the de can be calculated as
follows:

de 

100%
  p i / d avei 
j

(2.38)

i 1

where davei is the geometric average of two adjacent diameters. This technique, together
with Eq. (2.37), has been integrated into the KC equation and a structured
demonstration on the computational procedure discussed by Head (1982).

During seepage, the resistance of channels formed by pores between grains connected
almost continuously and distributed at random in the flow space, must be overcome by
the forces accelerating and maintaining movement. The resistance of the network
depends mostly on the size and shape of the pores forming the channels. These
geometrical parameters of the network depend on the size and shape of the grains, the
degree of sorting of grain sizes (in terms of Cu), and the porosity (n) (Kovacs 1981).
Moreover, the adhesive forces are affected by the mineralogical and chemical character
of the grains. To investigate seepage through grains of non-spherical shapes, a particular
value  has to be chosen that properly suits the process being investigated.
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A number of methods are available to use for each pre-determined interval of the
PSDm. However, the determination of  for every fraction of a PSDm requires
mineralogical and microscopic examination. For a practical application of this method,
highly empirical data based on statistical categorisation according to their origin
(alluvial or aeolian), mineralogical composition (quartz, feldspar, mica, clay mineral),
and size of soil grains, are available. For sand and gravel mix with a de not more than 3
mm, a wide range of  have been suggested by different authors (e.g., Loudon 1952,
Kovacs 1981) and each set of values is correlated to its corresponding version of the
KC equation.

2.14 Summary of Literature Review and Research Focus
The conflicting roles an effective filter must satisfy have always been the controlling
mechanism in the development of its selection criteria. The filter must be fine enough to
capture some of the larger particles of the protected materials to initiate self-filtration.
The filter must also be coarse enough to allow seepage flow to pass through it. Earlier
design procedures for granular filters were primarily orientated towards protecting base
soils from erosion and stabilising earth dams and retaining structures (e.g., Bertram
1940, Karpoff 1955, Sherard et al. 1984, Indraratna and Locke 2000). Recent advances
in granular filters generated an interest in their possible use in geo-environmental
applications (e.g., Koerner et al. 1994) and transportation (Jeyisanker 2008, Sansalone
et al. 2008).

The current industry practice of subballast material selection was adopted from the filter
design criteria that addressed steady seepage forces. However, looking into actual rail
track performance, numerous track substructure degradations could have been prevented
had appropriate filtration and drainage been in place. Granular filters that are acceptable
under the dynamic nature of railway environments require an understanding of the
impact of train cyclic loading to the different mechanisms of filtration.

There is a need to assess the impact of cyclic loading to better understand the
mechanisms of filtration, interface behaviour, and time dependent changes to the
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filtration that occurs within the subballast as a filter medium. The mathematical and
physical concepts that this research would focus on are as follows:
(a) Investigate the one dimensional cyclic compression behaviour of the
subballast and its effect on the reduction of its controlling constriction size
(Dc35) relative to the base soil representative diameter (d85sa);
(b) An investigation of the coupling effect of consolidation in the framework
of post shakedown plastic analysis with respect to base soil particle
migration mechanisms through the network of filter voids and concrete
sleepers, to give high contact stress at particles;
(c) Finally, a temporal porosity reduction function based on the KozenyCarman formula would be extended to provide a practical tool for
predicting the longevity of the drainage layer.
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CHAPTER THREE

METHODOLOGY

3.1 Introduction
Laboratory modelling is the most commonly used and effective method for simulating
field conditions that are relatively expensive to monitor. Its advantages are the
availability of the complete experimental tools and the possibility for creating and
controlling different conditions. These experiments were conducted with the primary
aim of investigating the behaviour of granular filter media under cyclic loading.

The methods outlined in this chapter are based on previous analytical and empirical
studies and more recent studies on constriction based retention criteria developed by
Indraratna and Raut (2006). The details of the base soil and filter materials, the
apparatus, and the methods used throughout this experimental program to simulate
subgrade pumping in a typical rail track environment are discussed.
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3.2 Testing Material
3.2.1 Granular filter
Current industry practice which includes a layer of subballast involves typical road base
material with particles from 0.075 to 20 mm. A natural GW, commercially and locally
available crushed basaltic rock road base was used as the granular filter. The particle
size distribution (PSD) of the original road base (Figure 3.1) is comparable to the
subballast commonly used in Queensland, Australia. The average specific gravity of
the material (Gs) is equal to 2.541, with a standard deviation of 0.008, based on the
analysis of 27 specimens (ASTM C127-07).
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Figure 3.1 Typical grain size characteristics of a subballast layer material
investigated and used in Australia.

The angular road base material was carefully sieved to meet a range of Australian
Standard sizes, washed, oven dried, stockpiled, and then mixed into predetermined
PSDs. The optimum moisture content for the filter material was approximately 11%
using a standard compaction test based on ASTM D 698 (Figure 3.2(a)). The hydraulic
conductivity of the original filter material compacted above 95% of its maximum dry
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unit weight was approximately 4.8x10-3 m/s using the conventional constant head
permeability test (Figure 3.2(b)). The parameter Cc is the coefficient of curvature of the
PSD, which is equal to [(D30)2/(D10D60)].
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Figure 3.2 Original road base material (a)
compaction,

and

(b)

hydraulic

conductivity properties.
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3.2.2 Base soil
The characteristics of base soil in the field vary significantly depending on where the
track is being constructed and the availability of materials. In this study, a single base
soil representing a potentially worst case filtration scenario was essential for
determining the effectiveness of each filter tested. To minimise base particle
flocculation, a low plasticity (LL = 48%, PI = 29%), highly dispersive and erodible silty
clay (ASTM D4647) was used as the base soil.

The PSD of the base soil (Figure 3.3) was obtained using a Malvern particle analyser.
The compaction properties of the base soil were maximum dry density of 1538 kg/m3
and optimum moisture content of 22% and they were found using the compaction
mould permeameter apparatus with a controlled vertical stress applied to the top of the
test specimen (ASTM D5856-95). The hydraulic conductivity of the base soil using a
rigid wall, compaction mould permeameter was approximately 6.5 x10-9 m/s.
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100
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med

Table 2.9:
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Figure 2.18:
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Figure 3.3 Characteristics of the base soil used in this study.
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3.3 Experimental Setup
To simulate cyclic train loading applied onto a granular filter medium, a cyclic loading
filtration apparatus was designed. A standard testing procedure using fine base soils had
already been established.

3.3.1 Modified permeameter
The main features of the modified permeameter cell are shown in Figure 3.4. The test
apparatus consists of a chromium plated cylinder 240 mm inside diameter x 300 mm
high x 5 mm thick. Two Amplitude Domain Reflectometry probes (ThetaProbe) were
installed horizontally with an equal cover of 37.5 mm from the top or bottom surface of
the sample and 75 mm apart (point e). A cyclic load with a predetermined frequency
and magnitude was generated by a vertical servo-controlled hydraulic actuator placed in
line with the load cell and piston (point a). Part of the actuator system is the built in
differential position sensor (LVDT) that measures the vertical displacement of the
specimen. Four pressure transducers were used in lieu of the manual manometers to
measure pore water pressure (point d). The inlet valve (point c) was connected to a 30
litre water reservoir with an outlet valve on the top of the cell (point i). The test data
were recorded digitally via a data acquisition system. To simulate filtration in the event
of the clay pumping phenomenon occurring in rail track environments, the slurry of clay
or silt was pumped from the bottom of the setup while a cyclic load was applied on top.
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LEGEND

a
b

Perforated plate
Water
Chromium plated steel

d
i

Granular filter
Valve
Water line
Signal line
O-ring

f

150
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e

g
75 mm
c
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capacity tank

h
240 mm
inside

a: Load cell
b: Piston
c: Inlet valve
d: Pressure transducer
e: ADR probe
f: Tie rod
g: Rubber stopper
h: Metal stand
i: Outlet valve to flowrate meter

Computer-controlled
water pump

Figure 3.4 Schematic of modified permeameter cell setup.

3.3.2 Amplitude Domain Reflectometry probe
Measuring the apparent permittivity (a, commonly called an apparent dielectric
constant) of a fully saturated granular filter is an elegant method for estimating its
porosity. Dielectric methods are widely used to monitor in situ soil volumetric soil
moisture content (v) in granular or fine grained soils with low to medium plasticity.
The ADR probe is one of the innovative instruments based on the a-v property of an
unsaturated soil (Gaskin and Miller 1996, Inoue 1998a, Inoue 1998b, Nakashima et al.
1998, Robinson et al. 1999, Topp and Ferre 2002). The v of the medium is defined in
Eq. (3.1) where Vw is the volume of water, Vv is the volume of voids, and VT is the total
volume. The parameter n can be measured directly by maintaining the soil at fully
saturated state (Sr = 1):
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v 

Vw Vw Vv


 Sr  n
VT Vv VT

(3.1)

The ADR probes consist of an input and output cable, a probe body, and a sensing head
(Figure 3.5). In the laboratory testing, the probes were connected to a 5 volt power
supply which gave an analogue signal output to the acquisition system. The probe
oscillator, the internal transmission line, and the measuring circuitry were housed in the
body of the waterproof probe. The sensing head has an array of four 3 mm diameter x
60 mm long stainless steel electrodes. The three outer electrodes form an electric shield
around the central signal rod and a transmission line provides the electrodes them with a
100 MHz sinusoidal wave that measures different impedances within the soil and
converts this change into a precise measurement of soil water content. The soil specific
calibration method for the probes used in the tests is discussed in Chapter 4.

Input/output
cable

Probe body

Sensing
head

3 Shield rods

Signal rod
Figure 3.5 Actual Amplitude Domain Reflectometry (ADR) probe.

3.3.3 Dynamic load cell actuator
A load cell with a servo-controlled hydraulic actuator (CMA Electro-hydraulic
Engineers) and a capacity of 45 kN at a maximum frequency of 50 Hz, was used to
induce surcharge load in cyclic condition. The dynamic actuator was connected to the
existing 20 MPa oil hydraulic system and the PCMaster control software via a
switchbox. Repeated cyclic load sinusoidal wave patterns were generated by the
dynamic actuator through a piston action within the test cylinder. Figure 3.6 shows a
snapshot of the control window of the PCMaster software.
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Figure 3.6 A screen shot of the PCMaster control software interface.

3.3.4 Pressure transducer
Water pressure is transmitted to the filter specimen and measured using a corrosion
resistant Mediamate Series with Hollingsworth connectors (Honeywell). The pressure
transducer consists of a thin diaphragm mounted in a cylindrical housing on which
electric strain gauge circuits are bonded. A porous filter protects the diaphragm but
allows it to be moved by water pressure, and while this deflection is extremely small, it
gives a voltage reading which is converted to a display in pressure units after the
calibration factor is applied.

The calibration program consists of setting the voltage reading of the transducer against
known pressures to determine the relationship between applied pressure and electrical
output. The input pressures were applied through dead weights and the output voltages
of the pressure transducer were recorded in the computer data logger. The calibration
factors were determined using regression analysis from the relationship between the
applied pressure and the corresponding output voltage readings.
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3.3.5 Linear variable differential transformer
The linear variable differential transformer (LVDT) is a type of electrical transformer
used to measure linear displacement. An LVDT, like most automated measurements in
machine tools and many other industrial and scientific applications, was built into the
dynamic actuator servo-valve to provide position feedback in servo-mechanisms. The
LVDT was first calibrated against a pre-calibrated strain gauge to ensure its accuracy
during testing.

3.3.6 Water pressure pump
A foot mounted CP 11 bare shaft pump (Southern Pumping) was used to provide pore
water pressures similar to that experienced in a typical rail track environment. A foot
mounted 0.25 kW motor with a variable speed drive supplied the power to the pump. A
sensitive pressure transducer (4-20 mA) was fitted to the filter cell body at the inlet
point and connected to the PCMaster controller which controls the functionality of the
pump according to the intended pressures.

3.3.7 Turbidity meter
A portable microprocessor based turbidity meter (Hanna Instruments 93703 series) was
used to provide precise laboratory turbidity measurements. These meters operate in two
ranges: 0.00 to 50.00 FTUs and 50 to 1000 FTUs. The instrument was calibrated using
an ISO 7027 compliant AMCO-EPA standards.

3.4 Laboratory Experimental Modelling
3.4.1 Testing program
The laboratory investigation was organised in 3 phases (Figure 3.7). For the first half of
Phase 1, non-slurry pseudo-static filtration tests were conducted to investigate the
internal stability of the types of filters chosen (Kenney and Lau 1985). Pseudo-static
tests are cyclic tests run with a frequency of 5 Hz that served as a control for the
corresponding slurry filtration tests. Effluent turbidity readings were used to indicate
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internal stability. Every type of filter, including those with poor drainage capacity, was
subjected to slurry filtration tests during the second half of Phase 1. Every test was
terminated after 100,000 cycles.

Phase I

Phase II

Phase III

 f = pseudo-static
 N = 100,000

 f = increase
 N = 100,000

 f = increase
 N = 1 million

Washout?

Yes

End

No
Drainage?

Poor

End

Acceptable*
 End
 Go to Phase II

 End
 Go to Phase III

*or steady state
 End

Sieve analysis
for trapped fines

Figure 3.7 Experimental program.

Filter considered acceptable after Phase 1 were subjected to Phase 2 slurry filtration
tests which were conducted while the loading frequency was increased to a predetermined level. Every specimen was fresh and the tests were terminated after 100,000
cycles. Filters with acceptable filtration and drainage capacity under increased loading
frequency were subjected to long term filtration tests of up to 1 million cycles, or until
the filter failed under the drainage capacity criterion. The one dimensional saturated
vertical permeability of the filter, which indicates its drainage capacity, was calculated
using Darcy’s law. To ensure a steady state laminar flow (the average Reynolds
number, Re, was 0.117), the pressure difference across the sample, and the effluent
flowrate used in the calculations were those recorded when the cyclic load was stopped,
while keeping a predetermined amount of surcharge.
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3.4.2 Selection of test specimens
In selecting the types of filters to be tested the constriction based Dc35 filtration model
(Eq. (2.35)) was used. This filtration criterion proposed by Raut and Indraratna (2008)
implies that the parameter Dc35 is the largest flow channel in the filter that the base
particles can erode through. A numerical program based on the algorithm illustrated in
Figure 3.8 was used to calculate the CSD. The input file of the program only requires
the PSD by mass, the Rd (Eq. (2.33)) it is intended to have, and the percentage of the

INPUT
PSD by mass (from sieve analysis)
Relative density (Rd)
Pc (percent finer) values of interest
Discretise PSD into classes of particle size
Calculate geometric mean of each class
Calculate soil PSD by surface area

Calculate Cn,3
Calculate Dc’s
Calculate pc’s
Sort Dc’s in ascending
order
Cumulate pc’s
(check: Σpc’s = 1.0)
Interpolate Dc’s for
Pc’s of interest (DcD)

Calculate apparent
particle size
Calculate Cn,4
Calculate Dc’s
Calculate pc’s
Sort Dc’s in ascending
order
Cumulate pc’s
(check: Σpc’s = 1.0)

CSD – Loosest (DcL)

CSD – Densest (DcD)

PSD by Surface Area

CSD desired.

Final CSD

Interpolate Dc’s for
Pc’s of interest (DcL)

Combine Dc’s based on Rd to compute Dc
for Pc’s of interest
OUTPUT
Soil Constriction Size Distribution

Figure 3.8 An algorithm based on Indraratna and Raut (2007)
for a numerical program used in CSD calculation.
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However, one may note that the criterion developed in Eq. (2.35) was based on steady
forces present in embankment dams. The original criterion was relaxed by considering
the potential compression of the filter matrix due to cyclic train loading. It was assumed
that the CSD curve shifts down under cyclic loading as voids decrease in size over time
until a stable CSD is reached. Therefore, an initially ineffective filter by virtue of Eq.
(2.35) was predicted to be effective due to this shift in CSD.

Through trial and error, a number of filters based on a presumed effective filter under a
relaxed Dc35 model were chosen and the PSD of each one was then back calculated. The
PSD of the filters, together with their respective CSDs, are shown in Figure 3.9 in
comparison with the base soil PSD.
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Figure 3.9 PSD of the testing materials and the CSD of the filters.30

3.4.3 Preparation of test specimens

20
10
0
0.0001

0.001

In preparing the filter specimen the filtration cell was first assembled. Details of each
part of the apparatus and, the steps taken to assemble the filter cell, are discussed in
Appendix 2.
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0.01

PS

Filters with different grading and uniformity were prepared from the cleaned and dried
particles stockpiled according to different sieve sizes. When preparing the specimen a
225 mm diameter, 10 kg plate was placed on top of 30 mm thick granular material
before the shaking table was switched on for approximately 30 seconds. This vibration
method proved better than the compaction method because it prevented the particles
from breaking. This operation was carried out four more times until it reached 150 mm
thick. The mass of dry soil was taken to calculate the initial volumetric based porosity.
The calculated values of Rd were above 97%. A list of test specimens prepared to reflect
the experimental program in Figure 3.7 is shown in Table 3.1.

Table 3.1 List of experiments.

Phase III

Phase II

Phase I

Test Filter With
f
No. Type Slurry [Hz]
1
F1
X
5
2
F2
X
5
3
F3
X
5
4
F4
X
5
5
F5
X
5
6
F1
5

7
F2
5

8
F3
5

9
F4
5

10
F5
5

11
F3
10

12
F3
15

13
F3
20

14
F3
25

15
F1
15

16
F1
25

17
F1
X
15
18
F1
X
25
19
F1
5

20
F1
15

21
F1
25

Notes: f = frequency; Cu = uniformity

Rd
Dc35
n0
dry
3
[%] [kN/m ] [%] [mm]
98.4 0.050
5.4 34.92
16.3
97.8 0.021
9.1 31.21
17.1
98.1 0.049
9.4 27.48
18.1
99.0 0.050
17.1 28.71
17.7
98.1 0.021
18 28.30
18.0
98.1 0.05
5.4 34.94
16.3
97.7 0.021
9.1 31.22
17.1
98.7 0.049
9.4 27.52
18.1
98.3 0.050
17.1 28.81
17.7
98.7 0.021
18 28.23
18.0
98.4 0.049
9.4 27.45
18.1
98.2 0.049
9.4 27.48
18.1
98.4 0.049
9.4 27.50
18.1
98.3 0.049
9.4 27.56
18.0
98.8 0.050
5.4 34.87
16.2
97.2 0.050
5.4 35.03
16.2
98.3 0.050
5.4 34.92
16.2
5.4 34.88
16.3
98.8 0.050
99.4 0.050
5.4 34.83
16.2
99.5 0.050
5.4 34.82
16.2
98.2 0.050
5.4 34.93
16.2
coefficient; n0 = initial porosity; dry =
Cu

dry unit weight; Dc35 = constriction size at 35% passing obtained from
the CSD curve.
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3.4.4 Saturation of specimen
Each specimen was saturated for approximately 2 hours by simultaneously supplying 10
kPa of water from the bottom and applying a vacuum on the top. The initial porosity
obtained from the ADR probes was recorded and compared with the gravimetrically
obtained values for validation. The values of n0 shown in Table 3.1 were obtained
gravimetrically. Also, preliminary steady permeability tests were conducted for 30 min
to measure the hydraulic conductivity. The time to achieve flow stability for steady tests
was inferred from the preliminary findings shown in Figure 3.2(b).

3.4.5 Slurry preparation and pumping
A slurry was formed by mixing 1500 g of dried fine base soil powder with 8 litres of
water and then pumping it into the subballast from the bottom of the permeameter using
a computer controlled pump, to simulate clay pumping. A constant water pressure of 15
kPa was selected to correspond to a typical in situ excess pore water pressure associated
with liquefaction (Chang et al. 2007).

3.4.6 Train loading simulation
The cyclic wheel load simulating a typical heavy haul train was replicated in the
modified permeameter, by imposing a uniform cyclic stress via the dynamic load
actuator over a specified number of cycles, and at a desired frequency. The dynamic
amplification factors based on the cyclic loading mechanisms discussed in Section 2.4
were calculated and summarised in Table 3.2.

Table 3.2 Summary of impact factor calculations.
Factor*
Method
Eisenmann (DAF)
1.27
ORE (Impact Factor)
1.32
AREA
1.06
Atalar et al.
2.73
*
details on calculations are presented in Appendix 3.
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The load transfer formulations outlined in Section 2.5 were then used to estimate the
induced stress at the interface of the subgrade and subballast. Comparing two layer
configurations of the same overall thicknesses, the vertical stress generated in a three
layer system is shown to be different from those in a homogeneous medium. Using the
subgrade as the reference medium, the equivalent homogeneous thickness of a ballastsubballast-subgrade configuration becomes thicker than the actual three layer
arrangement (Section 2.5.1).

A summary of the calculated maximum interface stresses is shown in Table 3.3. By
ignoring the thickness equivalence the estimated subgrade stresses obtained through the
methods by Boussinesq and Love become too high when compared to the other
empirical methods. The cyclic loading stress suggested by AREMA (2003) was
between 75 and 140 kPa (AREMA 2003). Reflecting the vertical stress measurements
induced by heavy haul freight trains recorded at the Bulli (NSW, Australia)
experimental track (Christie 2007), every specimen was subjected to a minimum stress
of 30 kPa and a maximum stress of 70 kPa. The lower cyclic stress values were used to
minimise the compressive effect of the load which could effectively reduce the size of
the filter voids.

Table 3.3 Summary of subgrade-subballast interface stress calculations.
Induced subgrade stress*
Method
max 
[kPa]
[psi]
Zimmermann - Eisenmann
85.0
12.3
Zimmermann - ORE
88.2
12.8
2:1 approximation - Eisenmann
97.0
14.1
2:1 approximation - ORE
100.7
14.6
Talbot
85.8
12.4
Japanese National Railway
49.9
7.2
Boussinesq
237.9
34.5
Love
423.4
61.4
*
details on calculations are presented in Appendix 4.
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Permeameter load
[kN]
3.8
4.0
4.4
4.6
3.9
2.3
10.8
19.2

[kgf]
392
407
447
464
396
230
1097
1952
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3.4.7 Flow rate measurement
The effluent flow coming out at point “i” (Figure 3.4) of the permeameter cell was
collected in a graduated cylinder and the time was recorded to fill a pre-determined
volume. To ensure that the flowrate recorded was in a steady state laminar condition,
the cyclic load was paused while the surcharge load of 15 kPa was maintained.

3.4.8 Turbidity measurement
Samples from the effluent collected for flowrate readings were taken and their turbidity
was measured. The turbidity readings were recorded against the time when the effluent
began to be collected.

3.4.9 End of laboratory tests
Post test procedure included both wet and dry sieving after every test to collect the fines
trapped inside the filter voids. The filter was divided into 5 layers, approximately 30
mm thick.

3.5 Acquisition and Processing of Test Data
3.5.1 Data logger
Data obtained from the ADR probes, transducers, the load cell and LVDT were
transmitted into a multi-function data logging system where they could be stored for a
given period of time. The data were then uploaded to a personal computer hard drive via
the DeLogger program. The DeLogger program could also be used to view real time
readings during testing.

Three different reading and recording rates were scheduled within the DeLogger
software. The first was in burst mode for every 2 minutes for the first 20 minutes, the
second was every minute, and the third was every 5 minutes.
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3.5.2 Smoothing of data signal
The smooth command in Matlab was used to filter out unwanted digital noise embedded
inside the recorded response data. The program listing used to run the command
through the input file is shown in Figure 3.10.

Figure 3.10 Program listing that uses the smooth command in Matlab
(modified after Premaratne 2009).
The syntax of the smooth command follows “yy = smooth(xdata, ydata, span, method)”.
The arguments in the command are: yy = vector of smoothed response data; xdata =
column vector of predictor data; ydata = column vector of response data; span = the
number of data points to include for each smooth calculation (e.g., 10%); and method =
smoothing method (e.g., loess and rloess). The method loess initiates locally weighted
scatter plot smoothing using least squares quadratic polynomial fitting. The method
rloess is the loess method which is resistant to outliers. The comparison of the smoothed
plots against the original data is shown in Figure 3.11.
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Figure 3.11 Comparison of sample plots from a segment of
displacement measurement obtained from a burst rate
reading: (a) original datafile, (b) smoothed by “loess”
with a span of 10%, and (c) smoothed by “rloess” with a
span of 10%.

3.5.3 Calculation of hydraulic conductivity
In a pure laminar Darcian flow, there is no interdependency between the hydraulic
conductivity and varying hydraulic gradient, i. Köhler (1993) verified that a GW and a
GU sand filter showed a negligible decrease in hydraulic conductivity once the
hydraulic gradient increased. Darcy’s law is valid in any fluid flow with a Reynolds
number (Re) of less than one:
Re 

 f qd 30


(3.2)

where f = fluid density [kg/m3], q = discharge velocity [m/s],  = fluid dynamic
viscosity [Pa-s] and d30 is the representative grain diameter for the porous medium [m]
(often taken as the 30% passing size from a grain size analysis using sieves).
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Using Darcy’s law, the change in hydraulic conductivity during testing was calculated
using the following formula:

k

Qf Lf

(3.3)

A f h1  h2 

where k is the hydraulic conductivity at room temperature [m/s], Qf is the flowrate
[m3/s], Lf is the distance between the top and bottom transducers in the filter section
[m], and Af is the cross section area of the filter [m2]. The heads h1 and h2 are calculated
from:

htrans 

Ptrans

(3.4)

w

wherein Ptrans is the pressure reading from the transducer [kN/m2] and γw is the unit
weight of the water [9.81 kN/m3]. The final permeability is then corrected based on the
standard 20 ºC.

3.5.4 Porosity
The calibration functions (discussed in Chapter 4) are applied to convert the output
voltage readings into porosity measurements. The response data smoothing procedure
discussed in Section 3.5.2 was employed on the porosity measurements.

3.5.5 Strain
The axial strain, af, is calculated from the axial deformation, Hf, as:

 af 

H f
H f 0  H f

 100%

(3.5)

where Hf0 is the initial height of the filter specimen.
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CHAPTER FOUR

CALIBRATION OF THE AMPLITUDE
DOMAIN REFLECTOMETRY
PROBE

4.1 Introduction
Automated instrumentation based on dielectric methods is a practical alternative for
measuring porosity in saturated granular material because they have an almost
instantaneous response time, do not require maintenance, and can provide continuous
readings. Dielectric methods convert the sensor output signal (time, frequency,
impedance or wave phase) into the apparent permittivity of the soil (a, commonly
called an apparent dielectric constant) as described by Topp et al. (1980) and Roth et al.
(1992). There is an increasing interest in the use of soil’s a in geotechnical applications
because electromagnetic waves do not alter soil properties and the electrical response
generated reflects the physicochemical and mechanical makeup of the soil
(Thevanayagam 1993). While each of these commercially available sensors had been
individually evaluated by other researchers to measure the volumetric soil moisture
content (v) in granular or fine grained soils with low to medium plasticity, there have
been few studies which have made direct use to measure n. To estimate n, this Chapter
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proposes a new calibration method of impedance based ThetaProbe (ML2x, Delta-T
Devices) sensors to determine how to compare measurements to both gravimetric and
volumetric samples accurately in a fully saturated state. Several factors are discussed,
including the density and grading of a filter on the conversion of probe voltage output
reading into an estimate of n. Comparisons between the two methods for calibrating the
impedance probe calibration (generalised and filter specific) are made and remarks
drawn about the accuracy of the probes.

4.2 Electromagnetic Waves through a Soil Matrix
The term porosity refers exclusively to the ratio of the volume of connected interstitial
space to the total volume, denoted as n. A saturated porous medium is made up of a
deformable skeleton and fluid saturating the interstitial space. The porous space may
either be occluded, wherein no filtration occurs (at least on the scale of observation
time), or connected, through which exchanges of fluid matter with the exterior occur. In
filtration research the porosity (n) of any granular medium has been used to estimate the
apparent permeability of the filter material (Hazen 1892, Terzaghi and Peck 1964,
Carrier III 2003). To better understand the issues related to effectiveness of a filter it is
important to gain an insight in how its physical and hydraulic properties change over
time. While empirical and mathematical formulations to determine the porosity of
granular filters are available, they are usually difficult if not impossible to be used in
real time monitoring.

There is a wide range of available techniques for measuring n in porous media.
Although by no means exhaustive, the outline shown in Figure 4.1 shows the
conventional methods, which can be grouped into five distinct categories.

The

gravimetric method (ratio of the mass of water present in a sample after it has been oven
dried at 100ºC to the initial mass of the saturated filter sample) and the volumetric
method (percentage of the volume of water held within the total volume of saturated
filter sample) are the most commonly used techniques for measuring n. Although these
direct methods are reliable and inexpensive, they are intrusive and destructive, slow and
laborious, and do not allow for replication in the same location. Similar to direct
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methods, gas methods are also destructive and slow. Radiation methods, on the other
hand, are costly and subject to strict regulations. Due to the potential hazard to human
health and the environment, extended installation and automation of radiation methods
can be impractical. Conversely, imaging methods characterise matrix porosity through a
non-invasive manner, but generating thin sections of images requires specialised
equipment.

Figure 4.1 Methods for porosity measurement in a soil matrix.

Since the late 19th century, the idea of using electromagnetic waves to study porous
media has intrigued various fields of science and engineering (Maxwell 1881, Velick
and Gorin 1940, Arulanandan 1991). Selig and Mansukhani (1975) and Tarantino
(2008) provided summaries of the many empirical and semi-empirical relationships
between n and measured a that have been developed by different researchers. With the
aid of electric circuit theory, modern instruments that characterise a based on the
velocity of an electromagnetic wave or pulse through the soil-water-air mix (Topp et al.
1980, Whalley 1993) have been developed. A review on the working principles,
descriptions, advantages, and drawbacks of other types of dielectric methods, such as
Capacitance Insertion Probe (CIP) and Time Domain Reflectometry (TDR) probe, is
provided in detail by Muñoz-Carpena et al. (2004).
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In all these practical methods, a waveguide or probe is embedded through the soil of
interest and an electromagnetic wave is sent through it along the waveguide. The
electromagnetic wave is reflected back at the end of the waveguide and is captured and
sampled by the electric circuits or oscillators. While the electromagnetic wave is
travelling, some of its properties are influenced by the soil’s a and therefore the
reflected electromagnetic wave can then be related to the soil’s v via empirical
calibration or theoretical analysis.

An Amplitude Domain Reflectometry (ADR) probe is one of the innovative
instrumentations based on the a-v property of an unsaturated soil (Gaskin and Miller
1996, Inoue 1998a, Inoue 1998b, Nakashima et al. 1998, Robinson et al. 1999, Topp
and Ferre 2002). The volumetric water content (v) is defined in Eq. 3.1 and can be
related to the porosity of the soil. Since the probe is actually sensing the dielectric
constant () of the soil, which is mainly dependent on its unique composition,
calibration for a specific soil is necessary to minimise the errors associated with
converting the voltage output readings to porosity.

4.3 Calibration Material
The crushed basaltic rock road base material discussed in Section 3.2.1 was used in the
calibration of the ADR probe. Compared to Table 3.1 the grain size characteristics
(Table 4.1) are modified slightly to cover a better grading (Cu).
The base soil used in demonstration slurry filtration tests is the same material discussed
in Section 3.2.2. The slurry was formed by mixing 500 g of dried fine base soil with 10
litres of water and then pumped up into the filter layer from the bottom of the filtration
apparatus.
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Table 4.1 Physical and grading properties of granular filters.
Grain Size Distribution [%]
Cu
Cc
Fine
Course Medium Fine
[ - ] [ - ]
gravel
sand
sand
sand
1a
48
17
25
10
17
1.2
1b
48
17
25
10
17
1.2
2a
35
20
34
11
12
1.2
2b
35
20
34
11
12
1.2
3a
22
24
40
14
9
1.0
3b
22
24
40
14
9
1.0
4a
0
26
57
17
6
1.0
4b
0
26
57
17
6
1.0
5a
0
0
51
49
3
0.8
5b
0
0
51
49
3
0.8
Note: Cc = coefficient of curvature; Rd = relative density.
Filter
No.

Rd
[%]
50.4
98.3
50.6
95.6
47.0
99.2
56.0
95.6
61.8
97.4

4.4 ADR Impedance Probe
The commercially available ThetaProbe (type ML2x) soil moisture sensor (Figure 3.5)
is used in this study. When an electromagnetic wave travelling along the transmission
line reaches a section with different impedance, part of the transmitted wave is reflected
back to the transmitter. The reflected wave interacts with the incident wave to produce a
voltage standing wave along the transmission line. The resulting change in amplitude
along the length of the transmission line is then used to measure the impedance change
of the probe (Gaskin and Miller 1996).
The material a is a measure of its energy storage capacity and ionic conduction
capacity. For a heterogeneous medium, a depends on the relative dielectric constant
and volume fraction of the individual constituents and their geometrical shape and
arrangement (Litchteneker 1926). Water, which is the most common polar liquid, has an

a = 80 (at 20ºC), compared to 1 for air and 4.5 to 10 for solids (Keller 1989, Saarenketo
1998, Robinson and Friedman 2003). Therefore the amount of water in a porous
material strongly influences the mixture’s a. The oscillating frequency of the
ThetaProbe is fixed at 100 MHz in order to minimise the ionic conductivity. In this
instance, the changes in the transmission line impedance are dependent almost solely on
the soil’s energy storage capacity (Gaskin and Miller 1996). Topp et al. (1980)
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presented an empirical a-v calibration curve for mineral soils which is a good
benchmark to compare with sandy soils (Nadler et al. 1991, Roth et al. 1992).
Tarantino et al. (2008) suggested that the Topp (1980) equation is valid if the density of
the soil does not change significantly, the volume of bound water is negligible,
temperature changes are small, pore water ionic conductivity is relatively small (0.05
S/m as in tap water), and the clay content is low (specific surface range of 0 to 100
m2/g). The generalised manufacturer calibration curve which generally agrees with
Topp’s (1980) equation is applicable as long as the soil does not contain saline water
and/or clays with a high cation exchange capacity. This relationship applies to most
mineral soils (independent of composition and texture) and for water below 50% in
volume. For larger water contents, organic soils, or volcanic soils, a specific calibration
is required.

4.5 Calibration Methods
Impedance probes record a millivoltage [mV] which is converted to v [m3/m3] by
means of a generalised calibration equation given as:

v 

1.07  6.4V  6.4V

2



 4.7V 3  a0

(4.1)

a1

where a0 and a1 are coefficients (Whalley 1993). For mineral soils a0 and a1 have been
suggested by the manufacturer to be 1.6 and 8.4, respectively.
The repeatability of the measurement in the same temperature range is ± 0.01 m3/m3 if a
filter specific calibration is performed. Work published over many years shows an
almost linear correlation between

 a and v (Eq. (4.2)), and this has been documented

for many types of soil (Topp et al. 1980, White et al. 1994). A typical relationship
between the ThetaProbe output in volts [V] and

 a can be fitted precisely (R2 =

0.998) by a 3rd order polynomial given in Eq. (4.3). Since the relationship between the
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ThetaProbe output and

 a is already known, the next step is to determine the two

coefficients a0 and a1.

 a  a0  a1 v

(4.2)

 a  1.07  6.4V  6.4V 2  4.7V 3

(4.3)

The granular materials were first wet sieved and oven dried and then mixed according to
a pre-determined particle size distribution. The homogenised sample was then poured
into a British Standard 1-litre compaction mould (Vmould) fitted with an O-ring to seal its
base. The specimen with a high relative density (Rd) of more than 95% was compressed
by a vibrating table with a 5 kg surcharge on top of every third layer. Once the sample
was compressed to 115.5 mm high, the mass of the specimen was taken (Mdry). To
facilitate calibration procedure the ThetaProbe was inserted vertically into the specimen
10 times and an output voltage reading was taken each time. Since v ≈ 0 for this dry
material the output voltage of the oven dried filter could be used to calculate the
corresponding

 a.dry (from Eq. (4.2)), which was also equal to a0. The calibration

setup is shown schematically in Figure 4.2.

115.5 mm

Power source &
Data logger

O-ring

Granular
Filter

105 mm

O-ring

Figure 4.2 Schematic of calibration setup.
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The specimen was then saturated by adding water and simultaneously applying a
vacuum on top to remove any trapped air. After approximately 1 hr the wet mass was
taken (Msat). The ThetaProbe was then inserted vertically into the sample 10 times in
different locations and readings were taken. The voltage measurements were then used
to calculate  a.sat . The second coefficient a1 was evaluated by using the following
equation:
a1 

 a.sat   a.dry

(4.4)

v

where  v 

M sat  M dry
Vmould

. By combining Eqs. (3.1) and (4.1), the porosity of a fully

saturated filter material can then be estimated with the ThetaProbe using the following
calibration function:

n probe 

1.07  6.4V  6.4V

2



 4.7V 3  a0

a1

(4.5)

A simple method for checking the porosity is to calculate the actual porosity using the
gravimetric method (ngrav) via the relationship between the voids ratio and porosity of
the same material. The voids ratio can easily be determined through its moisture content
and the specific gravity of the fragmented basalt is 2.54. Figure 4.3 contains a
comparison plot of ngrav and the volumetrically based porosity measurements (nvol) for
each of the 10 sample filters. A comparison between the voltage readings of the
ThetaProbe with nvol for each specimen enabled two different calibration methods to be
assessed. One is the filter specific calibration which requires nvol measurements to be
taken coincident with the probe readings for each type of filter so that coefficients
specific to each filter can be computed. Multiple linear regression equations were
developed for each type of filter to estimate the calibration coefficients of Eq. (4.5).
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Figure 4.3 Gravimetrically and volumetrically based
porosity for 10 filter specimens.

The other method of calibration is the less intensive generalised process suggested by
the manufacturer. The same probe readings are used to develop the calibration equation
while adopting the suggested coefficient values.

4.6 Application to Cyclic Loading Filtration
The cyclic loading filtration apparatus used in the calibration was essentially the same
as previously discussed in Section 3.3, except for the single ADR probe. The main
features of the cyclic loading permeameter apparatus are shown in Figure 4.4.

Filters 1b, 3b and 4b were selected to investigate the effect of Cu on changes in the
porosity of the granular filter during filtration. The procedure for preparing and setting
up a specimen is the same as discussed in Section 3.4. The relative densities were above
97%. Two specimens for each type of filter were prepared: the first was for the control
test while the second was for the actual test into which the slurry base soil was
introduced. A summary of the initial material properties of the filters is shown in Table
4.2.
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a
b
LEGEND

150 mm

Perforated plate
Water
Chromium plated steel
c

d
e

30 liter
capacity tank

240 mm
inside

f

Granular filter
Valve
Water line
Signal line
O-ring
a: Load cell
b: Outlet valve
c: ADR probe
d: Rubber stopper
e: Intlet valve
f: Computer-controlled
water pump

Figure 4.4 Schematic cross section of experimental setup with controlled
applied cyclic load and water head.

Table 4.2 Properties of filter materials.
Test Filter
n0
Cu
Cc
dry
No.
Type
[%]
[ - ] [ - ] [kN/m3]
1a
1
27.73 18 0.83
18.0
1b
1
27.72 18 0.83
17.9
2a
2
31.22
9
0.71
17.1
2b
2
31.21
9
0.71
17.1
3a
3
34.50
5
0.73
16.3
3b
3
34.43
5
0.73
16.3
Note: Cc = coefficient of curvature; dry = dry unit

Rd
With
[%] slurry
98.7
No
98.1
Yes
98.0
No
97.8
Yes
98.1
No
98.4
Yes
weight; Rd =

relative density.
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4.7 Calibration Results
4.7.1 Performance statistics
A summary of performance statistics for the two calibration techniques are contained in
Table 4.3. The primary statistics used in this analysis are the root mean square error
(rmse) and bias. Root mean square error is defined by:

rmse 

1
 n probe  nvol 
j i

(4.6)

where nprobe is the porosity of the filter estimated from the probe and nvol is the porosity
measured from volumetric sampling. This is summed up for all paired samples, i = 1 to
j.

The bias is estimated by:

bias 

1
 n probe  nvol 
j i

(4.7)

where the difference between the sensor and the volumetric filter porosity is averaged
for all pairs of samples, i = 1 to j.

When estimating the porosity of any type of saturated filter, the generalised calibration
method can result in a considerable rmse and bias. Because the calibration is fine tuned
to specific conditions the errors decrease to less than 0.56% for rmse and the bias
becomes negligible. This establishes the fact that some specific type of calibration is
desirable when investigating any type of saturated porosity where a bias less than ±1%
is critical.

The calibration coefficients for each specific type of filter are also shown in Table 4.3,
along with their particle range. Considering how the coefficients affect the estimated
porosity, there is a negligible difference in a0 values across each type of filter. For the
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same type of filter, however, the a1 values increase as the dry unit weight (dry)
increases. There was also a relatively small (< 0.60%) difference in rmse values for the
different filters but a dramatic improvement in every instance where the rmse values
decreased from more than 12% in a generalised calibration to as low as 0.06% in a filter
specific calibration.

Table 4.3 Summary statistic for the filter impedance probe calibration methods.
Filter
No.
1a
1b
2a
2b
3a
3b
4a
4b
5a
5b

Particle
dry
range
[kN/m3]
[mm]
0.15 – 19.0
15.5
0.15 – 19.0
17.9
0.15 – 19.0
15.5
0.15 – 19.0
17.4
0.15 – 10.0
15.2
0.15 – 10.0
17.1
0.15 – 4.75
14.2
0.15 – 4.75
16.5
0.15 – 1.18
12.7
0.15 – 1.18
14.7

Filter specific calibration
a0
a1
bias
rmse
[%]
[%]
1.69 10.64 < 0.001 0.105
1.69 11.78 < 0.001 0.411
1.71 9.48 < 0.001 0.552
1.67 11.11 < 0.001 0.359
1.74 8.56 < 0.001 0.439
1.70 10.52 < 0.001 0.393
1.70 8.51 < 0.001 0.448
1.73 10.08 < 0.001 0.061
1.68 8.03 < 0.001 0.148
1.71 8.99 < 0.001 0.103

Generalised calibration
bias
rmse
[%]
[%]
10.90
10.90
12.35
12.36
6.22
6.25
10.41
10.42
2.46
2.50
9.04
9.05
1.78
1.84
8.36
8.36
-1.13
1.14
4.22
4.22

There was a negligible amount of bias for filter specific calibration over every data
point compared to a significant bias when using the generalised calibration (Table 4.3).
This observation is also shown in Figure 4.5 where the histograms represent the
individual values of bias generated using the specific calibration method for each filter.
The values of bias are concentrated mainly within ±0.5%. The occurrence of ±1.0%
bias was limited to less than 0.10 relative frequency.
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Figure 4.5 Histograms of bias values for each filter for the specific
calibration porosity estimates.

Another test of the goodness of fit of the calibration equations was conducted on the
residuals. Figure 4.6 exhibits a bias range of less than ±1.0% for each of the filter
specific calibrated porosity estimates. The plot indicates neutrality between positive and
negative bias for the entire range of estimated porosities.

4.7.2 Relationship between porosity and output voltage
The general nature of the relationship between the output reading of the ThetaProbe and
the porosity for a mineral soil is non-linear (Miller et al. 1997). Take note however, that
for porosities less than 50% the output voltage reading is almost linear. The nprobe
estimates increased as the output voltage readings for every saturated filters increased
(Figure 4.7). The output voltage was from 0.87 to 0.99 V which correspond to a
porosity of 27.5 to 48.5%. By applying Newton’s method the coefficients a0 and a1 are
obtained and substituted into Eq. (4.5) to generate the filter specific calibration
expression.
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Figure 4.6 Bias versus estimated porosity for filter specific calibration.
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Filter
No.

a1

1a 1.69 10.64
1b 1.69 11.78
9.47
2a 1.71
2b 1.67 11.11
8.56
3a 1.74
3b 1.70 10.52
8.50
4a 1.70
4b 1.73 10.08
8.03
5a 1.68
5b 1.71
8.99
Equation 4.5
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25
0.86

a0

0.88

0.9

0.92

0.94

0.96

0.98

1

Output voltage, V [volt]

Figure 4.7 Relationship between specific calibration estimated porosity and
ThetaProbe output voltage for 10 different filters.
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4.7.3 Relationship between porosity and dielectric constant
Figure 4.8 exhibits the calibration curves for every filter specific calibration, compared
to the manufacturer’s generalised relationship and that of Topp and Reynolds (1998).
The porosity predicted from Topp and Reynolds (1998) and the manufacturer’s
calibration equation are similar up to 22%. However, for the a values range of interest,
almost all of the nprobe filter estimates are lower when compared to these equations. The
overestimated generalised calibration may be a result of the rock fragments contained in
the filter and small scale variations in density and composition. This generalised
procedure was derived for volumetric water contents between 0.02 to 0.55 and dry unit
weights between 13.2 and 14.7 kN/m3. Furthermore, compaction caused by the insertion
of the electrodes into the filter increases the bulk density of the sampling volume and
may introduce bias to the measurement of a. This would mean that the estimated water
content was valid for the compressed soil, but not necessarily representative of the
sample as a whole.

Estimated porosity, nprobe [%]

55
Filter 5a

50

generalised
calibration

Filter 4a

45

Filter 3a

40
35

Filter 5b
{14.7}

30

Filter 2a

25

Filter 2b
{17.4}

Topp and
Reynolds
(1998)
Filter 4b
{16.5}
Filter 3b
{17.1}

20

Filter 1a

Filter 1b
{19.0}

15

NOTE: {##} are dry in kN/m3

10

0

5

10

15

20

25

30

35

40

45

50

Apparent dielectric constant,  a

Figure 4.8 Porosity as a function of dielectric constant.

When a small error is preferred, the use of a generalised equation to estimate the
porosity of a filter is not recommended. Although common for estimating the moisture
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content of soil (Miyamoto and Chikushi 2000, Wijaya et al. 2003), the generalised
equation was not applicable for measuring the porosity of fully saturated filter media.

In geotechnical engineering, soil density may vary widely, especially if compacted soils
are considered. As observed experimentally, its dry density affects the apparent
permittivity which is associated with a change in porosity. The nprobe estimates depend
largely on the density of the filter. For the same PSD, filters prepared with a higher Rd
have larger dry and are less porous which results in lower estimates of porosity.
Furthermore, an exclusive comparison of every filter with a higher Rd shows that those
with a higher dry have a lower porosity.

4.7.4 Comparison between estimated and measured porosity
The accuracy of the filter specific calibration equations can be determined by comparing
the estimates of nprobe with the nvol (Figure 4.9(a)). Figure 4.9(b) compares the estimated
porosity of the impedance probe by the generalised calibration method with the filter
specific calibration method. There is an apparent difference between the plots of each
method, and it appears that the generalised calibration method results in a higher nprobe
and bias (also evident in Figure 4.8).

The reliability of the estimates by the ThetaProbe was also demonstrated during the
actual filtration tests. Figure 4.10 shows that the porosity estimated by the probe and
that estimate estimated volumetrically for the control tests basically agree. The
volumetric porosity calculation was based on the displacement of the specimen recorded
during cyclic loading. The reduction in overall porosity was mainly due to the filter
medium being compressed under cyclic stress, which allowed the voids in the skeleton
of the filter medium to close up. This amount of fines generated by the grains
contracting over time is insignificant, even though they may become part of the filter
skeleton or fill the voids. The average mass percentage of fines less than or equal to 150

m produced after test is less than 5%.
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Figure 4.10 Volumetrically based and probe estimated porosities for nonslurry filter tests.

However, using the same volumetric based technique during filtration tests with slurry
base soil leads to inaccurate measurements of changes in porosity. Base particles
trapped within the voids of the granular filter material reduce its porosity. Figure 4.11
exhibits this reduction in porosity when measured by the ThetaProbe and then compared
with the volumetrically based calculation.

Also shown in Figure 4.10 and Figure 4.11 is the higher initial porosity for granular
filters with higher Cu. Well graded filters contain an evenly distributed range of grain
where smaller particles fill the voids between the larger particles. However, GU filters
trap base soil more efficiently than GW ones, as shown by the estimated changes in
porosity by the probe in Figure 4.12. Here, the filter where Cu = 6 is almost three times
more effective at trapping fines than the filter with Cu = 17. The combined effect of
cyclic loading and grading on the trapping efficiency of the filter material is
demonstrated.
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Figure 4.11 Volumetrically based and probe estimated porosities for slurry
filter tests.
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Figure 4.12 Estimated change in porosity due to trapped slurry particles.
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4.8 Summary
The results presented here have shown that impedance probes require filter specific
calibration in order to achieve small errors and remove significant bias. Errors and
variability are unavoidable but in comparison with the gravimetric and volumetric
sample, the estimates given by the impedance probe were validated to less than 1.0%
error in porosity with a bias less than ±0.001%.

Impedance based ThetaProbe sensors have proven to be valuable for quickly and
efficiently estimating real time changes in the porosity of a filter because they rely on
the apparent dielectric constant of the soil-water medium to infer porosity. It is
important to note that every type of granular filter has a different curve based on
compaction, structure, and grading and therefore, calibration curves cannot be related to
each other the same way for all types of filters. The impedance probe requires a good
contact with the medium because any pockets of air particularly around the central rod,
and localised compression normally associated with filters containing a significant
amount of silts and clays, may result in some erroneous measurements. Estimates given
by the ThetaProbe were found to agree with the calculations of volumetrically based
porosity for the control tests. The results suggested that this mixing approach can be
successfully applied to measurements made in granular filters.

It has been documented from past studies that bulk ionic conductivity, regardless of
whether it stems from conductivity from a soil-water solution or type and content of
clay, increases the apparent dielectric constant of any soil-water system. This suggests
that the effects of soil-water conductivity and clay content can make the proposed n-a
calibration highly inaccurate. The saturated filter media used in this investigation have a
low pore water ionic conductivity and a negligible amount of bound water, therefore the
bulk apparent permittivity of the soil is essentially controlled by the dielectric constant
of free water. Furthermore, the base soil contains only a small fraction of
montmorillonite of high cation exchange capacity relative to quartz and illite. Also, the
effect of temperature on a was not included in the investigation because the water
temperature was almost constant at 20ºC.
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The results of this study have an impact on the future research into granular filtration
because to be able to monitor and capture real time changes in the porosity of a filter is
invaluable. Where a fully saturated state of granular filter material is present, the
impedance probe provides a non-destructive estimate of changes in porosity within a
reasonable margin of error. The data can then be used to validate a number of empirical
models that estimate the changes in constriction sizes, the amount of base particles
trapped within its voids, and the overall efficiency and effectiveness of granular filters.
For the purposes of monitoring the porosity of saturated granular filters in real time it is
important to recognise that a significant bias can be introduced as the medium deviates
from the generalised calibration. With a simple filter specific calibration this bias and
subsequent error can be reduced.
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CHAPTER FIVE

COMMISSIONING OF NOVEL
FILTRATION APPARATUS

5.1 Introduction
This chapter discusses the various issues that arose during the commissioning phase. A
series of preliminary tests were conducted to determine how the novel apparatus worked
and understand the capabilities and limitations of the dynamic actuator. During this
period, various frequencies and load spans were tested using a specially designed test
rig.

The initial filtration tests were aimed at establishing a standard method suitable for
cohesive base soils. While conducting tests to identify potential problems related to
mechanical and software control of the apparatus, some issues regarding aspects of
laboratory filtration were also recognised. These laboratory tests could be divided into
apparatus related and material related categories. Issues which required a lot of attention
included insufficient erosion of base soil, saturation of the specimen, settlement due to
insufficient base preparation through compaction, and determining the adequate
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aperture size for mesh screens. Subsequent tests were generally associated with
addressing issues related to the capability of the modified permeameter cell under cyclic
loading.

5.2 Pinhole Tests in Cyclic Loading Condition
5.2.1 Background
Sherard et al. (1984) presented an experimental procedure used to identify a filter that
would protect dispersive soils. This test consisted of a 13 x 1.5 mm slot which passed
horizontally through a layer of base soil through which distilled water was forced. The
filters worked when the effluent flowrate decreased rapidly and the turbidity became
progressively lower.

The modified permeameter was initially designed to protect base soil from erosion due
to clay pumping. The experimental scheme proposed by Sherard et al. (1984) was
customised to allow a cyclic load to be applied and the pore pressure, porosity and
displacement to be digitally monitored.

5.2.2 Specimen setup configurations
Due to an increase in the cross section of the present filtration chamber, the number of
slots in the base soil (or seepage holes) was increased and each seepage holes was filled
with pebbles to counter the compression effect of the applied cyclic load. Cyclic loads
impose plastic strains which could rapidly close the holes, because had this occurred it
would have negated the primary objective of the test which was to investigate the
effectiveness of the underlying filter. Table 5.1 shows a list of preliminary tests with
different configurations and arrangements of those seepage holes investigated.
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Table 5.1 Preliminary testing description and findings
Test
No.
P-01

Test Description

Remarks

Hole
configuration

Findings

Granular filter
material only

Check leaks and
general function
of the setup

The cell is
functioning properly

P-02

Filter material
with base soil without holes

Typical setup of
filter materialbase soil
combination

No flow occurred
through the base.
The base is
relatively
impermeable.

P-03

Filter material
with base soil with holes

9 holes of 8 mm
diameter each are
made

The hole collapsed
once the cyclic load
was applied

P-04

Filter material
with base soil with holes

5 holes of 20 mm
diameter are
made on the base
soil with mesh
and pebbles on
the holes

Short success then
flow stopped. The
interface of the base
soil and piston had
clogged up the
holes. The holes are
not functioning
anymore

P-05

Filter material
with base soil with holes

5 holes of 20 mm
diameter are
made on the base
soil with mesh
and pebbles on
the holes + 5 mm
additional pebble
blanket and mesh
combination

Holes and pebble
blanket acting as
drainage layer is
functioning well.
Actuator
malfunction
occurred due to
“electrical noise”
coming from the
pump

5.2.3 Filter materials and base soil
The naturally graded filter material and compacted base soil (> 95% MDD) discussed in
Section 3.2 were also used during commissioning. The modified filter PSD and their
corresponding CSD curves are illustrated in Figure 5.1. The filters were compared to the
base soil PSD which remained the same throughout the preliminary and trial tests. The
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initial hydraulic coefficients indicated that F-T02 and F-T03 filters drained quite well,
but the F-T01 filter did not drain quite as well. The ratio between the constriction size of
the filter and the base soil (Indraratna and Raut 2006) were ultimately designed to
demonstrate filtration failure. The CSD was calculated based on the particle surface area
option and Rd of 100%.

Clay
Percent finer by mass / by surface area [%]

100
90
80
70
60
50

Silt

Sand
fine

medium coarse

Gravel
fine

coarse

F-T01:
k0 = 3.2x10-6 m/s
Dc35/d85 = 1.4
F-T02:
k0 = 4.7x10-5 m/s
Dc35/d85 = 4.4
F-T03:
k0 = 1.4x10-3 m/s
Dc35/d85 = 23.5

40

Base soil (PSD)
F-T01 (PSD)

30

F-T02 (PSD)

20

F-T03 (PSD)
F-T01 (CSD)

10
0
0.0001

F-T02 (CSD)
F-T03 (CSD)

0.001

0.01
0.1
1
Grain size / constriction size [mm]

10

100

Figure 5.1 PSD and CSD of filter used in tests P-03 to P-05.

5.3 Findings from Preliminary Tests
5.3.1 Test P-01
The first test (P-01) was conducted only with the original filter PSD of the natural road
base and was intended to check the effectiveness of the cell and components under the
cyclic action of a modified permeameter.
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5.3.2 Test P-02
The second test (P-02) focused on using the combination of a filter and base soil that
could be compared to current criteria developed for filter material (Eq. 2.35). The PSD
of the filter was altered to obtain a Dc35/d85 ratio of 1.4 which subsequently resulted in a
Terzaghi retention ratio, D15/d85, of 10. This relaxed filtration criteria imposed on the
combined setup was projected to display the effectiveness of granular filtration on its
boundary level.

The presence of a highly impermeable compacted base layer caused an insignificant
movement of base particles through the filter. Visual observations showed that fluid
flow down the wall of the filtration cell had no effect on the hydraulics properties of the
granular filter. Furthermore, the use of high water pressure during initial saturation
disturbed the filter material at its point of contact with the base. After this experiment it
was vital to create slots (or artificial cracks) that could allow the base to erode and seep
towards the filter. The disturbance due to the saturation was rectified by lowering the
inlet pressure to less than 10 kPa which corresponded to a hydraulic gradient less than
0.5, as prescribed by Head (1982).

5.3.3 Test P-03
Test P-03 entailed two key changes as reflected from the previous test. Firstly, the filter
CSD was increased to reflect a Dc35/d85 ratio of 4.4 which is considerably greater than
the effective filter limit established by Indraratna and Raut (2006). Secondly, nine holes
of approximately 8 mm in diameter and positioned symmetrically (Table 5.1), were
drilled in the base soil to simulate seepage cracks. The holes represented the seepage
cracks that allowed erosion of base particles around the cracks and transport the fines
into the filter material (Sherard et al. 1984b).

The flowrate through the filter during the initial stages of cyclic loading was strong
enough to encourage the base fines to migrate but as testing continued the flow
diminished to a very lower level and the filter material was seen to contain a few base
soil fines. Once testing was completed and the specimen dismantled, it was evident that
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the seepage holes had closed under cyclic loading which meant that the holes were
unable to continually transport the particles.
This decrease in the flowrate was also associated with the 100 μm aperture retaining
mesh placed at the bottom of the cell to prevent the filter material from washing into the
10 mm outlet valve prematurely. However, post test observations on the mesh revealed
that some filter fines and possible base soil fines were clogging the outlet valve. In
order to retain more than 20% of the filter during filtration (Head 1982), an extra sheet
of 1.0 mm screen mesh was added for all the subsequent tests. While this test was being
saturated the filter was not disturbed when an inlet pressure of 10 kPa was used.

5.3.4 Test P-04
To permit more erosion of base soil the configuration of seepage cracks in test P-04 was
changed to 5 holes, 20 mm in diameter. As shown in Figure 5.2, the four outside holes
form a cross with a radial distance of 50 mm from the wall of the cell. A centre hole
was cut through the sample to allow the base particles eroding evenly into the filter. The
holes were created with a thin walled tube to limit disturbance of the base soil and the
inside wall of the seepage crack was cleaned with a wire brush to minimise smear
effect. Wire mesh of 1.0 mm aperture size was used to line the walls and contain the
gravel placed inside the holes. The F-T02 filter was used in this preliminary test.

During saturation, pockets of air formed underneath the load plate seal which were
released by drilling inclined vents into the plastic load plate before subsequent tests
were started.

This test was partially successful in allowing a substantial flow of water into the filter
and which caused a localised migration of fines close to the holes. As the test continued
the interface between the base soil and porous piston disc became clogged which
drastically impeded the flow of water into the cracks. To a certain extent the test
allowed base fines to migrate as indicated by the decreasing ADR readings during the
test and in a post test analysis, revealed base soil fines within the filter matrix.
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Figure 5.2 Seepage crack configuration with 5 holes.

5.3.5 Test P-05
To prevent the sintered porous disc from clogging up, a 5 mm thick granular blanket
was used to form a separation layer. It was contained between two layers of 1 mm
aperture wire mesh screens and comprised granular particles from 3 to 7 mm (Figure
5.3). An F-T02 filter was used in this test.

Water seeped consistently through the base and filter during this test which resulted in
adequate base erosion and no clogging. However, the test was prematurely terminated
when the dynamic actuator malfunctioned due to “electronic noise”. The electronic
control box was exceedingly sensitive to electrical/electronic noise that occurred along
its power supply line (e.g., running of the water tank pump). As a result, an insufficient
amount of data was recorded during this test run (18,000 cycles) so it was not practical
to conduct a meaningful analysis.
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Granular
blanket
layer

Figure 5.3 Granular blanket layer overlying the base soil and filter material.

5.4 Findings from Trial Tests
Trial tests were conducted to establish the consistency of test results obtained from the
novel cyclic filtration apparatus. The configuration of the specimen, based on findings
from the preliminary tests, is shown in Figure 5.4.

The filter types used during this phase are shown in Table 5.2. While the specimen was
being prepared gravimetrically measured filter porosity was found comparable with the
ADR porosity measurements. The values of nprep represent ADR probe readings before
saturation while values of nsat were obtained through the ADR probes after saturation.
The discrepancy of the porosity between the saturated and unsaturated conditions was
expected because for most types of soil the porosity is lower when partially saturated
than when it is saturated.
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1 – Piston
2 – Emergency valve
3 – Stainless steel lid
4 – Force plate
5 – Perspex cell
6 – Stainless steel
base
7 – Outlet valve
8 – Permeable force
plate
P1-P2 – ADR probes
T1-T4 – Pressure transducers

Figure 5.4 Cross section view of the trial cell experimental setup.

Table 5.2 Porosity readings for trial tests.
Porosity [%]
ngrav
nprep
nsat
T-01
F-T02
28
28.2
35.7
T-02
F-T03
40
41.3
43.5
Note: ngrav – manually obtained before saturation; nprep
Test No.

Filter Type

– ADR reading before saturation; nsat – ADR
reading after saturation.
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5.4.1 Seepage characteristics of a poor drainage filter under cyclic loading
The capacity for particles of base soil to migrate through the voids of a filter with poor
drainage is minimal even though their presence is visible the base soil is still intact
(Figure 5.5).

Figure 5.5 Specimen at the completion test T-02.

Figure 5.6 illustrates the porosity measured by the ADR probes over time (or number of
cycles) under pseudo-static loading conditions. The way porosity changes along the
profile of a filter over time may be understood by comparing the top and bottom ADR
readings. During the first 20,000 cycles, the change in porosity of both the top and
bottom layers showed a steady decline caused by the voids reducing due to
compression. However, at 20,000 cycles the porosity of both layers began to vary as
more base particles were being trapped in the top layer and fewer particles were able to
travel through the bottom layer. The porosity of both layers remains relatively stable
even though settlement continued within the base soil.
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Figure 5.6 Porosity and displacement measurements for test T-02.

The pressure inside the cell remained responsive to changes in input pressure as shown
in Figure 5.7. The pressure in the filter matched the increase in input water pressure
instantaneously, while pressure in the base soil lagged. The immediate increase in pore
water pressure in the filter was due to its relatively low hydraulic conductivity, an
attribute associated with a less effective dissipation of pore pressure. The sharp decrease
in pressure on two occasions was caused by intentional interruptions to the operation of
the water pump in order to check the reaction of the pressure transducers.

Although they are robust in their functionality, it was noted that the pressure transducers
required extra care in handling and installation. The wire connections were very brittle
and could easily be cut off. Furthermore, the input water pressure was set to be constant
but the actual data showed a steady increase. It was suggested that a replacement
computer controlled pressure transducer should be installed to maintain the input
pressure.

Chapter 5 Commissioning of Novel Filtration Apparatus

122

number of cycles, [x 1,000]
0

10

20

30

40

50

60

70

Pore water pressure [kPa]

120

Intentional
interruption

100
80
60

Input Pressure
Clay band Pressure
Filter top Pressure
Filter bottom Pressure

40
20
0
0.0

0.5

1.0

1.5
2.0
2.5
Elapsed time [hr]

3.0

3.5

4.0

Figure 5.7 Pore water pressure readings for test T-02.

The seepage holes provided adequate migration of particles into the filter, which was a
key to studying changes in filtration of the granular layer under cyclic loading. Apart
from the pore pressure transducers, all other measuring devices attached to the filtration
cell were responsive and generated the necessary data for analysis. While the base soil granular filter combination failed when compared to the current filtration criterion
(Dc35/d85 = 4.4 > 1), the performance showed a stable filter interface and minor loss of
base fines. When compared to steady seepage forces present in embankment dams, the
initial test findings demonstrated the possibility of relaxing the current filtration criteria
when used under cyclic loading.

5.4.2 Seepage characteristics of a good drainage filter under cyclic loading
The second trial (T-02) was designed to create a condition of severe failure of the filter
layer. As a result, the grading characteristics of the filter were a very permeable layer
with few fines. The constrictions were sufficiently large to allow the base soils to be
substantially washed out because no fines would be retained within the filter. This
would be similar to rail tracks where no layer of subballast can prevent the base soils
from being pumped into the ballast. A severe washout of base soil through the filter
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material is shown in Figure 5.8 where the base particles have completely eroded from
one section of the cell wall and a large concentration of these washed fines are
temporarily deposited within the voids of the filter.

Eroded
base
soil

Base fines
present in
filter layer
soil

Figure 5.8 Severe washout of base particles.

Both porosity readings for the first 1,500 cycles showed that the displacement that
occurred in the specimen remained relatively similar (Figure 5.9). At this point
however, the porosity of the top layer continued to drop considerably – an indication of
the deposition of base particles within the top layer of the filter. At about 6,500 cycles
base particles started to accumulate at the bottom filter layer which subsequently
resulted in a decrease of the porosity. Both porosity measurements indicated a stable
rate of deposition and transportation of fines within and through the filter voids. The test
was terminated just after 10,000 cycles because there was a significant wash out of base
particles (also indicated by the continued axial displacement of the specimen).
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Figure 5.9 Porosity and displacement readings for test T-03.

The measurement of turbidity provides a means for gauging the migration of fine
particles. In Figure 5.10, an increase in turbidity at the start of the test was due to the
fine filter particles washing out from inside the filter. The fines washed out of the
original filter matrix indicated that the granular filter was internally unstable. The rapid
displacement that occurred at the beginning of the test, which was mainly caused by the
compressive effect of the cyclic load and loss of base particles due to erosion, did not
instantaneously impact on the measurement of turbidity. The turbidity remained
constant until about 6,000 cycles when there was a sharp increase. This dramatic
increase in turbidity was caused by the eroded base particles reaching the outlet at the
bottom.

The timing of the migration of base particles as reflected from the turbidity
measurements could be directly related to the change in porosity. Figure 5.11 shows that
base particles reached the first filter layer at 1,500 cycles and the second layer at 6,000
cycles, as shown by the porosity measurements. At about 7,000 cycles, the turbidity
readings sharply increased as the base particles finally reached the outlet valve at the
bottom of the cell.

Chapter 5 Commissioning of Novel Filtration Apparatus

125

0

Number of cycles [x1,000]
4
6

2

8

10

0

1200
Displacement

800
-2

600
-3
400
-4

Turbidity [NTU]

Displacement [mm]

1000

Turbidity

-1

200

-5

0
0

5

10

15

20

25

30

35

Elapsed time [min]

Figure 5.10 Turbidity and displacement readings for test T-03.
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Figure 5.11 Turbidity and porosity readings for test T-03.
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Filter layers with good drainage could quickly dissipate pore water pressure; although
an extreme example of severe wash out of the base soil while testing the T-02 filter
revealed that it had high hydraulic conductivity. This seepage characteristic was
attributed to low values of hydraulic gradients taken from the measurements of water
pressure within the filter and a high water flowrate. The F-T03 filter was highly
inefficient at retaining particles of base soil due to relatively large sized constriction
compared to the sizes of the particles of base soil. Due to particles of base soil washed
out through the filter, excessive and continuous displacement was evident.

5.5 Summary of Findings and Recommendations
A filter layer is required to prevent the build up of excessive pore pressure and to
protect the layer of base soil layer from being eroded by external and internal seepage
forces. The two trial tests depicted the extremes of the filter limits. An ideal filter should
retain the base particles similar to that of test T-02 while allowing sufficient
permeability to dissipate the pore pressures which occurred in test T-03.

Through the preliminary tests (P-01 to P-05), a number of hardware and software
problems that require correction were discovered and addressed. More importantly a
number of different ways of preparing the specimen were studied in order to come up
with a more consistent procedure. The key points for preparing a specimen and an
experimental setup are:
(a) The base soil must be compacted to not less than 95% MDD;
(b) The number of seepage holes does not affect the effluent flowrate;
(c) A drainage blanket layer was necessary to prevent the sintered porous disc
from being clogged up by the base soil.

The dominant constriction based filtration criterion developed under steady seepage
forces was used to grade the filters used in the filtration tests under cyclic loading. Both
effective (F-T02) and ineffective (F-T03) filters were tested against a compacted layer
of base soil placed on top of the filter. A cyclic load and a water seepage force were
applied at the top of the specimen. The desired retention capacity of a filter was
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demonstrated by F-T02 while the ideal drainage characteristics were shown by F-T03.
An ideal filter must possess both retention and drainage qualities so the grading must lie
between these two test conditions.

Although the data gathered from the sensors used in the experimental setup were
consistent with the visual observations, there were further mechanical and procedural
limitations. The experimental procedure was examined to see whether the simulated
field conditions intended were achieved. The key findings and recommendations listed
below were then imposed, as discussed in Chapter 3:
(a) For a maximum applied stress of less than 40 kPa, a filtration chamber made of
Perspex was ideal because a visual observation was possible. Whenever the
applied stress exceeded 40 kPa, an electro-plated steel cell with a number of
observation glass windows was a safe and reliable alternative.
(b) The input water pressure increased over time. It was important to keep the water
pump pressure and flowrate constant throughout the test. To attain this, a water
pump connected to a computer controlled pressure transducer was installed.
(c) The specimen displacement recorded was a combination of the compression of
the base soil and the filter layers. A separate measurement of each component
was imperative in order to establish the relationship between the plastic strain
due to cyclic loading and its effect in seepage hydraulics. As instrumentation
would prove impractical, a base soil layer method was replaced with the slurry
method.
(d) The point of entry of the influent slurry was changed from the top to the bottom
of the specimen and the direction of flow was changed from bottom to top to
simulate clay pumping.
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CHAPTER SIX

EXPERIMENTAL RESULTS AND
DISCUSSIONS

6.1 Introduction
The key parameters that influence change in seepage hydraulics within the subballast
were studied in detail in a controlled laboratory setup. The laboratory investigation
followed the experimental program discussed in Chapter 3. The subballast was
subjected into a series of tests that closely simulate one of the worst case field situations
with respect to drainage and filtration. In general, the objective of the investigation was
to monitor the performance of a granular filter which was previously identified as
satisfactory based on existing available filtration criteria. This chapter presents the
short term and long term observations of saturated, cohesionless subballast (as filter
layer) subjected to cyclic loading and clay pumping using a modified filtration
apparatus.
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6.2 Deformation Characteristics of Granular Filters under Cyclic Loading
The accumulation of compressive and frictional plastic deformation is the major cause
of geometric deterioration of railway substructures. In order to obtain a better
understanding by way of a detailed analysis of track deterioration it is necessary to
study the mechanical behaviour of the individual granular components during cyclic
loading.

6.2.1 Pseudo-static loading
The effect of cycling the stress between two fixed limits (min = 30 kPa, max = 70 kPa)
is shown in Figure 6.1. For all filter types, rapid strain development occurred during the
first 7,500 cycles and eventually attained stability at about 20,000 cycles. This
compression behaviour for all subballast types was uniform with respect to the number
of load cycles irrespective of its grading or the range of particle sizes it is composed of.
The introduction of base soil during slurry tests does not alter the strain development
behaviour of the filter.

As shown in Table 3.1, all specimens were prepared to attain a dense state. Since there
was no lateral strain during the tests, the axial strain was exactly equal to the volumetric
strain. In several cycles of loading, only a portion of the strain that occurred while
loading was recovered during subsequent unloading. The strains that resulted from
sliding between particles or from fracturing of particles were largely irreversible. The
rebound upon unloading was caused by the elastic energy stored within the individual
particles as the soil was loaded (Whitman 1963).

There is some reverse sliding between particles during unloading. The sequence of
events during cyclic loading can be explained by using results from a theoretical study
of an ideal packing of elastic spheres (Miller 1963). In a one dimensional array of
elastic spheres, the normal forces at the contacts compress the spheres, but sliding
occurs so that the resultant relative motion is purely vertical. Upon unloading, the
particles regain their original shape and sliding occurs in the reverse direction. Some
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small amount of energy is absorbed during each loading cycle. The same general pattern
of events must occur in actual soils.
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Figure 6.1 Development of strain under cyclic loading for all filter types during
(a) non-slurry test, and (b) slurry tests.

During confined compression, particle motions are on the average in one direction only.
Thus when the tangential contact forces are summed over the many contacts lying on
some surface, there should be a net tangential force (i.e., a net shear stress on the
surface). In general, the effective horizontal stress differs from the effective vertical
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stress during confined compression, and its ratio is defined as K0 (the lateral stress ratio
at rest).

When a granular soil is loaded for the first time, the frictional forces at the contacts act
in such a direction that K0 < 1. During unloading, the direction of the frictional forces at
contact points between particles begins to reverse during unloading. For a given vertical
stress, the horizontal stress becomes larger during unloading when compared to the
original loading. At some later stages of unloading, the horizontal stress may even
exceed the vertical stress. During cyclic loading and unloading, the lateral stress ratio
alternates approximately between K0 and 1/K0 (Lambe and Whitman 1969).

6.2.2 Immediate response to cyclic loading
The cyclic evolution of the axial strain showed that more than half of the compression
of the granular material was generated during the first 400 load cycles (Figure 6.2(a)).
Within this period (approximately 80 s for a 5 Hz load frequency), higher levels of
permanent strain resulted from each cycle until a stable hysteresis loop (Lambe and
Whitman 1969) was obtained, generating little or no additional permanent strain for a
cycle of loading. The characteristic of particulate system is known as the conditioning
phase (Galjaard et al. 1996) wherein the elastic deformation decreases considerably and
the material becomes stiffer.

The strains resulted primarily from the collapse of a relatively unstable arrangement of
particles. As the stress was increased, the relatively loose array of granular particles
collapsed into a more tightly packed and stiffer configuration. Finally, a stage is reached
in which the already dense arrangement are being squeezed more tightly together as
contact points crush, thus allowing a little more sliding. This phase is named as cyclic
densification (Suiker 1999) where the elastic deformation does not significantly change
anymore.

Figure 6.2(b) illustrates a marked increase in secant constrained modulus at about 400
cycles. Prior to the 400-cycle point, the lower magnitude of constrained modulus is
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related to the rapid axial deformation of the filters. As the filter stiffness increased as it
is loaded and reloaded, the subsequent recorded deformation tapered off and stabilised.
Also, for a given relative density (almost 100%, see Table 3.1), the starting modulus of
the angular filter decreased as the particle size and grading led to a smaller voids ratio.
However, the effect of composition was bound to disappear during subsequent cycles of
repeated loading (Lambe and Whitman 1969).
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Figure 6.2 Immediate displacement reaction of granular
filters subjected to cyclic loading.
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Yielding as a result of fracturing of individual granular particles of the strain curve was
not observed. Pre- and post test grain size analyses revealed insignificant amount of
particle degradation. Crushing and fracturing of particles becomes increasingly
important when critical stress is reached for large angular particle sizes, loose and
uniform soil, and low strength of individual particles (e.g., uniform rockfills and railway
ballasts).

6.2.3 Increased loading frequency
The fines do not actively participate in the force structure and the increase in cyclic
loading frequency does not change the number of cycles wherein abrupt compression
and deformation stability occur (Figure 6.3(a)). Fines simply occupy the voids in the
filter skeleton and therefore the behaviour is controlled by the filter skeleton only
(Kuerbis et al. 1988). The increase in fines content is limited to the volume of voids and
may come in between the contact of filter grains but only in transient as the constant
agitation through cyclic loading and pumping only allow partial deposition. Considering
the loading frequency and plotting against time, Figure 6.3(b) shows a faster rate of
increase in axial strain under 25 Hz and a lower rate of increase in strain during 5 Hz.
This is indicated by the presence of “warp” when the variation of change in strain is
compared against time.
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Figure 6.3 Development of strain of filter F3 under cyclic
loading at increasing loading frequency as a function
of (a) number of cycles, and (b) time.

Chapter 6 Experimental Results and Discussions

135

6.3 Strain-Porosity Relationship of Granular Filters under Cyclic Loading
6.3.1 Pseudo-static loading
Repeated loading on a confined assembly compresses the granular mass. The
compression of the granular filter was observed to go together with the reduction of the
voids of the filter medium skeleton. The reduction of the inter-particle voids, which
effectively reduces the porosity, could be caused by repositioning of the particles. This
could also be due to the filling of the voids by the relatively smaller particles present in
the matrix or the fines generated by the attrition or breakage. The amount of fines
coming from the degradation of filter grains with time, which has a potential to become
part of the filter skeleton or may fill the voids, is of insignificant level. The average
mass percentage of fines less than or equal to 150 m produced after test is less than
5%. This is mainly explained by the existence of optimum internal contact stress
distribution attributed to increased inter-particle contact areas (Lackenby et al. 2007).

Figure 6.4 shows the strain-porosity characteristics of each of the filter types used in the
experimental program. In general, as the axial strain developed due to cyclic loading,
the recorded filter porosity reduced. As shown earlier in Figure 6.1, the maximum
amount of accumulated plastic strain was different for each filter type, hence, the
separation of the plots. During non-slurry tests, the reduction of the porosity of the
filters is linearly related to their respective strain development and this creates the
compression plane (more discussions in section 6.3.2). Upon reaching the stable level of
strain, no further reduction of porosity could be observed.

During slurry test, however, the filter porosities were gradually reduced. This was an
indication that the filter interstices were being filled with base soil particles as the
number of loading cycles increased. The recorded reduction in porosity during slurry
tests, therefore, is the combined effect of compression and reduced voids sizes due to
trapped base soil particles within the filter voids.
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Figure 6.4 Effect of base soil intrusion on the strain-porosity
relationship of the filters during cyclic loading.
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The difference of measured porosity between the non-slurry (control) and slurry (actual)
filtration tests is shown in Figure 6.5. Filters with lower values of Cu exhibited a more
consistent capacity for trapping fines. For GW filters (F4 and F5), extreme behaviour is
revealed. Despite the similarity of their grading filter F5 contains 15% fine sand while
filter F4 contains only about 5%. A correlation between the filter’s Cu and its efficiency
in trapping fines is premature at this stage.
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Figure 6.5 Measured change in porosity for filters F1 to F5.

6.3.2 Increased loading frequency
Figure 6.6 shows a comparison of the porosity-strain relationship between a GW filter
(F3) and a GU filter (F1). The compression plane is the plot of the measured change in
porosity during non-slurry tests. Based on Figure 6.6(a), an apparent threshold
frequency of 10 Hz is shown wherein a minimum change in porosity reading was
recorded. Comparing this to the 5 Hz test, the 10 Hz test took 170 min less to complete
102,000 cycles. Assuming that the capacity of the filter to capture fines was not affected
by the change in frequency, this test completion time difference explains the difference
in the porosity measurements. The longer the filtration tests are conducted, the more
base particle fines are captured within the filter voids. However, increasing the
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frequency to 15, 20, and 25 Hz (thus correspondingly reducing the test completion time)
showed a rapid decrease in porosity readings. The filter is affected with variation in
frequency and is unpredictable over time.

The porosity-strain behaviour of the GU filter (F1) is more predictable over time
(Figure 6.6(b)). The difference in test completion time played a role in the amount of
reduced porosity. Unlike filter F3, the variation in frequency did not alter the capacity of
the filter to capture base soil particles.

The deformability of the pore medium itself affected the filter condition due to the
changes in porosity and hydraulic conductivity. Soil particle accumulations inside the
filter layer may lead to stable or unstable filter capacity. However, the apparent
equilibrium is endangered by the changing of load conditions, mainly caused by the
loading frequency of applied stresses and the development of high hydraulic gradients
in and underneath the filter.
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Figure 6.6 Porosity-strain relationship for a (a) well graded filter F3,
and (b) uniformly graded filter F1.
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6.4 Seepage Hydraulics of Granular Filters under Cyclic Loading
6.4.1 Turbidity measurements and trapped fines
Measuring the turbidity of the effluent during filtration tests is a useful indicative tool of
the level of washing out within the filter. The washed out particles could be coming
from an internally unstable filter or the slurry particles escaping through the filter voids.
For the turbidity measurements of all filter types (Figure 6.7), filters F2 and F5 showed
high turbidity readings that signal filter ineffectiveness at pseudo-static level. Further
tests of increased loading frequencies for filters F1 and F3 showed an increase in
turbidity reading. However, a high turbidity reading may not necessarily mean
excessive washout similar to clay pumping and hydraulic erosion scenarios. A post test
sieve analysis would determine how effective the filter was in trapping base soil
particles.
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Figure 6.7 Effluent turbidity measurements on all
filters during slurry tests.

Post test wet and dry sieve analyses at every 30 mm layer were conducted for each of
the tests. Figure 6.8 shows the amount of trapped fines collected through the profile of
each of the filters. As expected, high amount of base soil fines were collected at the
interface bottom layer (layer 1). Apart from F4, all other filter types exhibited the
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capacity to capture fines during pseudo-static filtration tests. Filter F4, on the other
hand, failed to demonstrate its capacity to capture fines within its voids as clogging
occurred at the filter-slurry interface. No further tests were performed on filter F4.
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Figure 6.8 Trapped fines collected through post test wet
and dry sieving for all filters.

The collective amount of captured fines for all layers of filter F3 is in the average of
80% (Figure 6.9). The captured fines of 50 g at the top level (level 5), on the other hand,
showed the proximity of the fines to being expelled at the top surface. This illustrates
the possibility that a substantial percentage of the fines collected during the post test wet
and dry sieving were the transient fines captured during the termination of the test. The
agitation generated by the increased loading frequency caused these transient fines to
get washed out as shown by the high turbidity measurements in Figure 6.10.
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Figure 6.9 Trapped fines collected through post test wet
and dry sieving for filter F3.
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Figure 6.10 Effluent turbidity measurements on filter F3
subjected
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frequencies during slurry filtration tests.
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Filter F1 exhibits a relatively high collective amount of accumulated fines of the first 2
layers (Figure 6.11). This is an indication that the slurry base soil particles were
contained within the bottom half of the filter. Furthermore, the gradual decrease of the
profile of accumulated fines as the loading frequency increased showed a time
dependent filtration behaviour. All tests in Phase 2 were conducted to a maximum of
100,000 cycles and a shorter period of time was required to complete a test conducted at
a higher frequency. The corresponding turbidity measurements taken on the effluent of
the slurry filtration tests on filter F1 is shown in Figure 6.12.
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Figure 6.11 Post test trapped fines collected through wet
and dry sieving for filter F1.

Looking at the first three layers from the bottom, the average accumulated fines in F3
exceeded 35% when compared to that of F1. Comparing the average accumulated fines
from the upper layers 4 and 5, the collective amount in F3 has increased to about twice
as much as that of F1. This amount of fines in the upper half of F3 represents the base
particles that escaped through the constrictions at the lower layer that also have the
potential of getting flushed toward the filter surface.
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Figure 6.12 Effluent turbidity measurements on
filter F1 subjected to different cyclic
loading frequencies during slurry
filtration tests.

6.4.2 Short term drainage performance
Filters that were considered acceptable after Phase 1 were subjected to Phase 2 slurry
filtration tests. These tests were conducted while the loading frequency was increased to
a predetermined level. All the specimens were fresh and the tests were terminated after
reaching 100,000 cycles. Filters that showed acceptable filtration and drainage potential
under increased loading frequency were subjected to long term filtration tests of up to 1
million cycles or until the filter failed under the drainage capacity criterion. The one
dimensional saturated vertical hydraulic conductivity of the filter, which indicates
drainage capacity, was calculated using Darcy’s law. To ensure a steady state laminar
flow (the average Reynolds number Re, was 0.117), the pressure difference across the
sample and the effluent flow rate used in the calculations were those recorded when the
cyclic load was stopped, while keeping a surcharge of 15 kPa. Post test analyses for
every test where trapped fines were collected during wet and dry sieving were carried
out.
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The water must be permitted to drain freely out of the deforming soil and filter sample
so that the reduction of the pore volume is exactly equal to the volume of pore fluid
expelled perpendicular to the subballast layer. Adequately designed filters should resist
the imposed load conditions in an acceptable way, whether this flow is directed in
opposite directions or caused by steady or changing hydraulic gradients, or cycling load
conditions occurring with and without rapid load changes and dynamic influences.

Looking into the seepage characteristics of the filters, Figure 6.13(a) shows the
behaviour of measured filter hydraulic conductivity (k) during slurry filtration tests with
pseudo-static loading. The values of k for filters F1, F3 and F4, which lie above the 10-5
m/s threshold (Lambe and Whitman 1969, Head 1982), indicate that both filter types
possess good drainage capacity. In contrast, filters F2 and F5 are categorised as poor
drainage granular layers. The presence of at least 15% very fine sand in GW filters F2
and F5 (Cu ≥ 9) effectively reduced the values of k of the whole filter matrix. In Figure
6.13(b), a decrease in values of k is observed for all filters subjected to slurry filtration
tests. The subsequent values of k for filters F2 and F5 deteriorated close to the k-value
of a loosely compacted base soil.
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Figure 6.13 Measured hydraulic conductivity of the filters during (a) nonslurry, and (b) slurry filtration test under cyclic loading.
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6.5 Long term Behaviour of Granular Filers under Cyclic Conditions
Justified by the success through Phases 1 and 2, a laboratory investigation on the long
term filtration behaviour of the GU filter F1 had been conducted. Figure 6.14 shows the
base soil particle accumulation profile in filter F1 at various times based from the
combined post test results through Phases 1-3. With time, a general increase in the
accumulation of the fine particles at all layers was observed as the base particles were
eroded and transported through the voids. The increasing amount of accumulated base
soil particles at layer 1 implies a stable base soil-filter interface and the initiation of the
process of self-filtration (Locke et al. 2001). This occurrence of self-filtration limits the
movement of base particles to the upper portions of the filter and leads to a more
pronounced attenuation of particle transport and capture at longer durations.
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Figure 6.14 Fines trapped by filter F1 at increasing filtration
periods.

The initiation of self-filtration at the interface and the increasing accumulation of fines
along the profile at longer periods also result in the reduction of the sizes of the filter
voids. This is illustrated in Figure 6.15(a) wherein the measured filter porosity from the
bottom and top ADR probes reduces with time. As the duration of the cyclic filtration
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test increases, the more the measured hydraulic conductivity deteriorated further beyond
the prescribed drainage capacity threshold of 10-5 m/s.
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Figure 6.15 The deterioration of (a) porosity, and (b) hydraulic conductivity of filter
F1 over time.

6.6 Summary of Results
The summary of results of the laboratory investigation is shown in Table 6.1. The first
half of Phase 1 was conducted in order to investigate the internal stability of the chosen
filters and establish control readings for the subsequent slurry filtration tests. Although
the exercise had minor importance, turbidity readings of the effluent were taken and
used to indicate internal stability. All filter types, including those that exhibited washout
and poor drainage capacity, were subjected to slurry filtration tests during the second
half of Phase 1. All these tests were terminated after 100,000 cycles.
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Table 6.1 Summary of experimental results.
q0
qf
Cu
Cc
Gs
n0
nf
Re
k0
kf
af
-6
-6
-6
-6
[x10
[kg/m ]
[x10
[x10
[-]
[-]
[-]
[%]
[%]
[-]
[x10
[x10
[%]
Pa.s]
m/s]
m/s]
m/s]
m/s]
1
1
998.3
199
196
5.4
0.7
2.549 34.92 33.55
0.15
258
257
0.91
2
1
998.2
57.7
30.3
9.1
0.7
2.530 31.21 29.81
0.02
1.2
0.61
0.67
3
0.95
997.7
229
257
9.4
0.9
2.540 27.48 25.21
0.17
318
309
1.71
4
0.97
997.9
203
185
17.1
0.9
2.530 28.71 27.72
0.23
1330
699
0.71
5
1
998.6
54.3
27.4
18.0
0.8
2.550 28.30 26.51
0.03
3.2
1.94
1.30
6
1
998.2
190
122
5.4
0.7
2.547 34.94 31.47
0.08
313
49.3
0.92
7
1
998.2
69.1
30.5
9.1
0.7
2.530 31.22 28.61
0.02
1.42
12.8
0.70
8
1
998.2
265
175
9.4
0.9
2.550 27.52 23.24
0.19
242
154
1.69
9
1
998.2
228
141
17.1
0.9
2.530 28.81 27.56
0.25
1040
339
0.71
10
1
998.5
60.3
31.3
18.0
0.8
2.562 28.23 23.41
0.04
3.01
1.3
1.28
11
1
998.4
303
96
9.4
0.9
2.545 27.45 23.83
0.22
282
42.9
1.66
12
1
998.3
275
139
9.4
0.9
2.545 27.48 23.70
0.20
329
87.4
1.65
13
1
998.3
288
100
9.4
0.9
2.540 27.50 22.37
0.20
278
43.4
1.60
14
1
998.3
315
153
9.4
0.9
2.537 27.56 22.39
0.22
316
111
1.60
15
0.94
997.7
329
46.4
5.4
0.7
2.540 34.87 32.44
0.15
303
42.9
0.91
16
0.92
997.5
212
37.9
5.4
0.7
2.540 35.03 33.17
0.10
303
13.5
0.90
17
0.92
997.5
238
133
5.4
0.7
2.540 34.98 33.61
0.11
298
244
0.91
18
0.91
997.4
233
225
5.4
0.7
2.540 34.95 33.57
0.10
278
187
0.91
19
1.02
998.4
205
4.82
5.4
0.7
2.540 34.83 30.54
0.09
366
2.08
0.95
20
1.02
998.4
198
113
5.4
0.7
2.540 34.82 30.41
0.09
279
23.8
0.92
21
0.92
997.5
238
90
5.4
0.7
2.540 34.93 30.58
0.11
295
20.6
0.92
Notes: = dynamic viscosity; f= dynamic viscosity; q0 = initial flowrate; qf = final flowrate; Cu = coefficient of uniformity; Cc =
coefficient of curvature; Gs = specific gravity; e = voids ratio; n0 = initial porosity; nf = final porosity; Dn= change in porosity; Re =
Reynold’s number; k0 = initial hydraulic conductivity; kf = final hydraulic conductivity; af = axial strain.
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Grading properties, such as Cu, the amount of fine sand content, and the external
cyclic loading frequency were found to be the main factors that influence the
mechanical characteristics and seepage hydraulics of subballast under cyclic
conditions. The intrusion of fines changed the particle size distribution of the
subballast soils and significantly affected its drainage behaviour.

It was shown in this investigation that a combination of high Cu and relatively coarse
grain sizes (30% fine gravel, 20% fine sand) is ineffective in trapping the fines
within its voids. Laboratory findings suggested that GU subballasts with not more
than 30% fine sands (particle range of 0.15 to 0.425 mm) had an enhanced filtering
capacity. Due to the lack of mechanical resistance against axial deformation, the
application of cyclic stress to GU subballasts results into a reduction in porosity that
renders the filter more effective in trapping migrating fines. Moreover, this intrusion
of fines changes the PSD of the subballast soils and significantly affects its drainage
which further reduces porosity.

In choosing a filter for a given base soil, the constriction based filtration criterion has
to be satisfied. When applied to the transport sector where a degree of plastic
deformation to an anticipated cyclic load generated from passing traffic is expected,
a relatively relaxed criterion was found that the original size of Dc35 can be twice the
size of d85. While this gap was closed by the filter deforming from cyclic loading, it
was also an essential aid in forming an internally stable self-filtration layer at the
base soil-filter interface.

This apparent equilibrium could still be endangered by changing load conditions
caused by the loading frequency of applied stresses and development of high
hydraulic gradients in and under the filter. Throughout the study, only a single type
of base soil and its slurry concentration and pumping rate were used. Furthermore,
the aspects of a triaxial stress system, the presence of lateral hydraulic gradient, and
the physicochemical aspects of filtration and clogging were not considered.
Nevertheless, the combination of materials and methods used in this experimental
investigation represented one of the worst possible scenarios in the field.
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CHAPTER SEVEN

TIME DEPENDENT GEO-HYDRAULIC
FILTRATION MODEL FOR PARTICLE
MIGRATION UNDER CYCLIC LOADING

7.1 Introduction
The deterioration of the hydraulic conductivity of the filter with time is directly related
to the longevity of the drainage capacity of the filter. The reduction of porosity and the
amount of fines accumulated through the profile of the filter, two of the key physical
parameters that cause significant impact to hydraulic conductivity of a filter, are
examined mathematically. The reduction of porosity has been observed to be a function
of both the compressive effect of the cyclic loading and the amount of fines trapped
within the filter voids. Moreover, the accumulated amount of foreign fine particles that
are effectively captured within the filter voids alters the PSD of the original filter
matrix. This new PSD of the combined filter-base soil matrix would result into a new
effective diameter used in typical hydraulic conductivity prediction formulas.

In this chapter, three steps of mathematical description and the physical basis of the
filter mechanism under cyclic loading regime are discussed. The first step is to
152

investigate the one dimensional cyclic compression behaviour of the subballast and its
effect on the reduction of its controlling constriction size relative to the base soil
representative diameter (Indraratna et al. 2007). The coupling effect of the consolidation
behaviour, which is developed in the framework of post shakedown plastic analysis, is
then investigated with respect to base soil particle migration mechanism through the
network of filter voids. Finally, a temporal porosity reduction function is proposed and
the Kozeny-Carman formula is extended to provide a practical tool in predicting the
longevity of the drainage layer. Laboratory investigation results presented in Chapter 6
that were generated from the novel cyclic filtration apparatus are used to validate the
theoretical findings.

7.2 Time Based One Dimensional Granular Filter Compression
The evolution of permanent granular filter deformation was studied over a large number
of load cycles (N). When the amplitude of the cyclic loading was above the shakedown
level, the internal material structure was altered during loading which caused the
shakedown level to evolve (Melan 1936). It is proposed that in this study a stress
domain of Drucker-Prager potential applied in a viscoplastic model (Perzyna 1966) in
the form of a post shakedown cyclic densification regime would be used to describe the
progressive plastic deformation of granular material under cyclic loading.

Suiker and de Borst (2003) proposed a detailed mathematical development of a cyclic
densification model based on triaxial experiments that showed the plastic deformation
of a ballast and subballast material subjected to cyclic loading. This model described
two mechanisms which are essential parts of the granular material densification process,
frictional sliding and volumetric compaction. Due to the existing one dimensional
compression constraints of the present study, the function for irreversible plastic strain
(p) is set to correspond to the frictional shakedown evolution framework and is
proposed as:



 p =  f 1  e t f

ks
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where, f

= the shakedown plastic strain obtained from one dimensional cyclic

consolidation test on a fully saturated specimen, t = time (sec), f = frequency (Hz), and
ks = scaling factor equal to Nmax/10, where Nmax is the maximum number of cycles used
in the model. Figure 7.1 shows a comparison between the proposed plastic strain
evolution model over a number of cycles and their corresponding experimental data.
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Figure 7.1 Comparison between the experimental data and proposed plastic
strain model at (a) 5 Hz, (b) 15 Hz, and (c) 25 Hz.
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From the one dimensional compression principle, the plastic axial strain is given as:

p 

e
1  e0

(7.2)

where e is the change in voids ratio and e0 is the initial voids ratio of the filter matrix.

Using the voids ratio-porosity relationship (n = e/(1+e)), the change in porosity of a
porous medium caused by axial compression during a single time step (nc) is
represented by:


n c 

nc 

 p 1 


n0
1  n0






n0
1   p 1 
 1  n0

(7.3)





p

(7.4)

1  n0   p

where n0 is the initial filter porosity. Substituting Eq. (7.1) into Eq. (7.4) results into:

nc 

 f 1  e t f



ks



1  n 0   f 1  e t f

ks



(7.5)

The proposed function takes into account the reduction of porosity with time that
depends on the densification energy (natural or imposed stress state) through the
parameter f. The prediction of actual material porosity is comparable with the
experimental observations as shown in Figure 7.2.
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Figure 7.2 Comparison between the experimental data and proposed
porosity predictive model for granular soils subjected to cyclic
loading with a frequency of (a) 5 Hz, (b) 15 Hz, and (c) 25 Hz.

7.3 Accumulation Factor (Fa)
The development of the accumulation factor (Fa) is based on the assumption that the
dominant constriction size (Dc35) of the filter is smaller than or equal to the
representative diameter (d85sa) of the base soil (Raut and Indraratna 2008). Depending
on the manner by which the filter is prepared, the initial size of Dc35 can be controlled
by the level of compaction through the relative density (Rd) of the filter. However, none
of the initial Dc35 of the filter used in this study satisfied the effective filter criteria even
though the values of Rd were already close to unity (Figure 3.9). Despite the initial
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conditions, the actual pseudo-static tests produced 2 successful filters in F1 and F3 as
previously discussed in Chapter 7. The densification energy generated from cyclic
loading led to granular filter permanent deformation over time. The eventual
irrecoverable plastic strain affected the geometry of the constrictions in a way that the
apparent Dc35 was as close to the size where it satisfied the filtration criterion.
Shown in Figure 7.3 is the progressive reduction of the constriction size profile of the
filter F1 with time in comparison with the d85 and d50 of the base soil. Each data point of
the filter constriction curve represents the geometric – weighted harmonic mean of the
CSD of the combined mass of the filter and the fines enmeshed in the filter matrix
obtained through sieve analysis. The sieve analysis was conducted for each of the 5
filter layers of equal thickness. The CSD by mass is an acceptable representation of the
constrictions of the new base soil-filter PSD by mass since the filter is considered
uniform and the base soil mass is sufficiently small relative to the original filter matrix
(Locke et al. 2001). The formation of the self-filtration layer at the bottom is also shown
by the drastic reduction of constrictions within a few load cycles (represented by time
axis). The gradual reduction of the constriction size profile over time indicates stability
of the accumulated fines within the filter voids. This stability of the new base soil-filter
formation consequently created finer constriction sizes much smaller than the d85 of the
base soil.
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Figure 7.3 Reduction of filter constriction size due to accumulation
of base particles.

The base soil particles with size d50, which was still marginally smaller than the
estimated filter constriction size, have the capacity to migrate upwards to the next filter
layer. However, these particles only represent 50% of the total original soil mass.
Compounded by the gradual formation of finer constrictions within the lower filter
layers further limited the mass of the base particles from being transported into the next
upper layer. This successive reduction of accumulation of fines along the profile of the
filter is controlled by a depth dependent Fa parameter which can be described by a rate
law relationship:
Fa  F1e F2 z

(7.6)

In the above equation, F1 and F2 are empirical indices related to slurry concentration
and slurry loading rate, respectively. This proposed function creates an apparent
threshold amount of fines that could occupy the voids spaces in between the filter grains
at a given depth.
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The parameter mamax is defined as the apparent maximum amount of subgrade fines that
could occupy a part of the volume of voids that remained after compaction. The
equivalent volume taken up by the trapped and accumulated fines is much less than the
theoretical volume of voids (Vv) and it is given as:

ma max  Fa

V0  a
1  f

(7.7)

where Fa is the dimensionless accumulation factor, V0 is the bulk volume of soil
specimen [m3], a = solid density of accumulated fines [kg/m3].

By substituting Eq. (7.6) into Eq. (7.7), the maximum amount of fines that can be
accumulated with respect to the thickness profile of a filter could be predicted by:

ma max  F1 e F2 z

V0  a
1  f

(7.8)

Figure 7.4 shows a good agreement between the amount of fines collected through post
test sieve analysis of Test 21 and the predicted values. Note also that Fa can be used as a
predictive tool of filter porosity deterioration. The value of Fa of 0.049 at layer 1 is
comparable to the amount of porosity reduction during filtration tests by Locke et al.
(2001).
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Figure 7.4 Comparison between the experimental and predicted
amount of accumulated fines within filter F1.

7.4 Mathematical Description of Porosity Reduction Due to Accumulated Fines
In an ideal coarse packing, the filter matrix is assumed to be supported by the skeleton
created by the contacts among the filter grains. The porosity of the filter matrix is
traditionally defined as the ratio of the volume of voids and the bulk volume of soil
specimen (n = Vv/V0). The plastic deformation due to compression (V0/(1+p)) impacts
the filtering capacity of the filter by effectively reducing the size of its constrictions.

Due to the cyclic loading action of the passing train, base soil particles are pumped
upwards into the subballast filter from the fully saturated subgrade. Fines are trapped by
the filter constrictions and are deposited within the pore network. With the simultaneous
action of one dimensional compression and pumping of subgrade fines, the volume of
voids is reduced by the volume of accumulated fines (Va) trapped in the original voids
while the bulk volume of the filter reduces with time:
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na  ma

1  p

(7.9)

V0  a

where, ma = mass of accumulated fines within the filter voids [kg].
The amount of fines trapped by the constrictions of an effective filter is proposed to
follow the given relationship:



ma  ma max 1  e

t f k s



(7.10)

The comparison between the collective results of post test sieve analyses for all tests
performed on filter F1 versus the predictions provided by Eq. (7.10) is shown in Figure
7.5. Each line and the corresponding experimental data points represent a layer of the
filter profile. As expected, more fines were captured and collected at the bottom section
of the profile (layer 1) while the least amount was collected at the topmost section of the
filter (layer 5). Subsequent back substitution of Eq. (7.10) into Eq. (7.9) yields:

n a 



m a max
1   p 1  e t f
V0  a

ks
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Figure 7.5 Comparison between the experimental and predicted
amount of accumulated fines within filter F1over time.

Combining Eqs. (7.8) and (7.11) simplifies into:

n a  F1 e F2 z

1  p
1  f

1  e

t f k s



(7.12)

By using Eq. (7.1) and the more compact Eq. (7.6) into Eq. (7.12), a time dependent
porosity reduction function due to accumulated base soil fines is derived as follows:

n a  Fa



1   f 1  e t f
1  f

ks

 1  e

t f k s



(7.13)

The sum of Eqs. (7.5) and (7.13) is the time dependent total porosity reduction of the
filter matrix as a collective effect of one dimensional compression and the accumulation
of fines within the filter voids (Eq. (7.14)). Figure 7.6 shows the predictive values of
filter porosity caused by compression and accumulation of base particles in comparison
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with the ADR measurement. Note that the top ADR was located at approximately
within level 4 of the filter while the bottom ADR was at level 2.

nT 



 f 1  e t f



ks

1  n0   f 1  e



t f k s



 Fa



1   f 1  e t f

ks

1  f

 1  e

t f k s



(7.14)
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Figure 7.6 Comparison between the experimental and predicted
porosity of filter F1.

7.5 Time Based Hydraulic Conductivity Model
The Kozeny-Carman equation forms the basis of the derivation of the formulation
employed to predict the deterioration in hydraulic conductivity of the granular filter
specimens. The initial hydraulic conductivity of the granular filters (k0) can be estimated
as follows (similar to Eq. (2.36)):





k 0 ms 1 

n03
1  d e2.0
72   1  n0 2

Chapter 7 Time Dependent Geo-Hydraulic Filtration Model
for Particle Migration under Cyclic Loading

(7.15)

163

where τ = tortuosity,  = unit weight of the permeant [N/m3],  = dynamic viscosity of
the permeant [Pa-s], de.0 = initial effective diameter of the granular filter, and  = shape
coefficient. Considering that the filter porosity decreases as the filter layer is being
compressed and the clogging material accumulates with time (Eq. (7.14)), the reduced
hydraulic conductivity with time (kt) can be obtained from:
1  d e2.t n0  nT 
kt 
72   1  n0  nT 2
3

(7.16)

In the above, de.t = effective diameter of the granular filter at any time t. Rearranging
Eq. (7.15), the constants can be expressed as:
1  1  n0  k 0

72 
n03
d e2.0
2

(7.17)

Substituting Eq. (7.17) into Eq. (7.16), a decreased hydraulic conductivity as a result of
time based compression and clogging can be represented as a function of the initial
hydraulic conductivity, the change in porosity, and the change in effective matrix
diameter. The resulting equation is as follows:

kt  k0

1  n0 2  d e2.t
n03

n0  nT 3 
 2
2
 d e.0 1  n0  nT  

(7.18)

In this expression, the effective diameters de.0 and de.t are the geometric-weighted
harmonic mean of their respective PSDs. Figure 7.7 illustrates the comparison between
the measured and predicted hydraulic conductivity profile of filter F1 during a long term
test. Using Eq. (7.18), the values of kt in each of the 5 layers of the filter is estimated.
With reference to the position of the pressure transducers on the filtration cell, the
experimental measurements of k represents approximately the middle layer of the filter.
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Figure 7.7 Comparison between the experimental and predicted
hydraulic conductivity of filter F1.

7.6 Worked Out Example 1
An illustration of the practical application of the mathematical model is discussed in this
section. Due to the limitation of the availability of relevant data from the literature, the
discussions and validations that is paramount to the credibility of the procedure is
restricted to the laboratory results described in Chapter 6. The sequence by which the
presented set of equations could be used follows the steps explained below.

1. The worked out example presented here is based on the combination of the
base soil (Figure 3.3) and filter F1 (Figure 3.9). From the given PSD of the
base soil, the suitable PSD of the filter could be calculated according to the
recommended Dc35 model (the controlling constriction size criterion, Eq.
(2.35)). Considering the compressive effect of the cyclic loads on porous
media as exhibited in Section 6.2, the value of the Dc35/d85sa ratio could be
relaxed up to 3.33.

2. Once the PSD of the filter is obtained, it is necessary to determine the
shakedown plastic strain (f) of a fully saturated specimen. This parameter
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can be deduced from a simple one dimensional compression test. The
maximum load used in the compression test should not be less than the
anticipated in situ stress state. The initial and final state voids ratio (or
porosity, n) of the specimen should also be noted.

3. The next step is to determine the depth dependent accumulation factor (Fa)
that controls the successive reduction of accumulation of fines along the
profile of the filter. The specimen used in step 2 is then subsequently
subjected to a filtration test. During the filtration test, two assumptions are
made: (a) slurry concentration (i.e., mixture of 1500 g with 8 litres of
water in this case), and (b) slurry loading rate (i.e., 15 kPa in this case).

4. The parameters obtained in steps 1 and 2, together with the solid density of
the base soil and the original volume of the specimen, are then used in Eq.
(7.8). In this equation, the profile of the apparent threshold amount of fines
that could be deposited along the depth of the filter is determined. For this
example, the values shown in Figure 7.4 are used.

5. Provided with a cyclic loading frequency (f) and a scaling factor (ks), the
amount of fines that could be accumulated at a specified depth and at
given time can then be predicted (Figure 7.5). This is done by performing
Eq. (7.10).

6. Any amount of accumulated fines alters the PSD of the original porous
medium. By factoring in the accumulated fines at a given layer and at a
given time, the modified PSD of the base soil-filter mix is then calculated.
The effective diameter de of the new PSD by mass of the filter and
accumulated fines is its geometric – weighted harmonic mean.

7. The new de is then used in Eq. (7.18). This equation can be completed by
knowing the initial hydraulic conductivity (k0) of the filter and by
performing Eq. (7.14).
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8. The set of equations that are an integral part of the proposed mathematical
procedure is summarised in a family of curves shown in Figure 7.8. Where
applicable, the predictive equations are compared and validated against the
experimental results obtained from the novel laboratory apparatus.

This illustration of the proposed mass transport mechanism is compared against the
accumulated fines collected during the post test sieve analysis per layer for all the F1
slurry filtrations (Figure 7.8(a)). Apart from the slight underestimation in the first 2
layers during the first 20 hours of cyclic loading, a good agreement between the
experimental and theoretical values is observed. Plotting the mathematically derived
mass of accumulated fines against de generates a single trend line that conforms to the
pattern of the actual measurements (Figure 7.8(b)).

In Figure 7.8(c), the predicted hydraulic conductivity of the filter in each of the five
layers is compared with the measured steady state hydraulic conductivity values. The
rapid formation of the self-filtration layer is reflected in the abrupt reduction of the
measured hydraulic conductivity in the first 2 hours of testing. The gradual
accumulation of fines in the voids along the profile of the filter, while maintaining
internal stability condition, explains the deterioration of the measured hydraulic
conductivity with time. Similar to Figure 7.8(b), the plot of predictive hydraulic
conductivity values against de follows a single rate law curve (Figure 7.8(d)).
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Figure 7.8 Mass based family of curves generated from Eqs. (7.1) to (7.18); circled numbers
represent the filter layers; n0 = 34.96%, k0 = 3.66x10-4 m/s, f = 0.009, V0 = 1.44x103

m3, a = 2,700 kg/m3, Nmax = 763,500 cycles, f = 5 Hz.

7.7 Worked Out Example 2
An alternative to using the estimated accumulated fines (Figure 7.8(a)) is the calculation
of changes of the filter porosity through Eq. (7.14). As shown in Figure 7.9(a), the
prediction of porosity reduction behaviour against time is validated against the ADR
porosity readings. The bottom and top ADR probes were positioned in layers 2 and 4,
respectively. Plotting the porosity predictions with de generates curves that follow a rate
law trend (Figure 7.9(b)).
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The filtration criterion based on filter constrictions implicitly satisfies the requirement
of internal stability during seepage. By using this criterion as a key condition in
developing the proposed model, the assumption that the self-filtration layer is formed
and the clogging through the profile of the filter would eventually occur is addressed.

Both Figure 7.8 and Figure 7.9 demonstrate the capability of the mathematical model to
predict the extent of filter clogging and its effect on the drainage capacity at a particular
time. If the accumulated fines (Figure 7.8(a)) or porosity (Figure 7.9(a)) of a particular
layer is known without the information about its time of occurrence, the point in time
when the corresponding hydraulic conductivity of the said layer in question can still be
estimated by following three steps:
1. Draw a horizontal line towards de-mass space (Figure 7.8(b), if mass is
known) or de-porosity plot (Figure 7.9(b), if porosity is determined).
2. A vertical isodiametric line is then drawn towards the de-kt line in Figure
7.8(d) or (Figure 7.9(d), if the mass or porosity is known, respectively.
3. A horizontal line is drawn to the hydraulic conductivity prediction lines
against time in Figure 7.8(c) or (Figure 7.9(c), for mass or porosity,
respectively.

As a general guideline, the overall behaviour of the deterioration of the hydraulic
conductivity of the filter with time can be estimated by using a multi-layer approach.
Layer 1 corresponds to the first 2 hours of testing, layer 5 from the 2nd up to 12th hr
before it deteriorates to level 4 predictions up to the 30th hr. Eventually, the gradual
deterioration of the hydraulic conductivity can then be predicted using level 3 and
finally to level 2. In the context of the number of cycles, assuming that the field
conditions are primed for clay pumping to occur, the estimated time can be converted
into the actual length of time subballast exceeds its prescribed drainage capacity by
considering the frequency by which the trains are passing through the rail tracks.
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= 1.44x10-3 m3, a = 2,700 kg/m3, Nmax = 763,500 cycles, f = 5 Hz.

7.5 Summary
A semi-empirical mathematical model is presented to predict the filtration and drainage
of saturated subballast under cyclic train loading. The key assumptions of the model
included: (a) a stress domain of Drucker-Prager potential applied in a viscoplastic model
in the framework of a post shakedown cyclic densification regime, (b) plastic strain
evolution under one dimensional consolidation principle, (c) the dominant constriction
size (Dc35) of the filter is smaller than or equal to the representative diameter (d85sa) of
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the base soil, and (d) steady state conditions under laminar flow to ensure the
applicability of Darcy’s law and the phenomenological Kozeny-Carman equations.

Apart from the basic principles of soil mechanics, it should be emphasised that the
development of this mathematical tool was also partly based on laboratory conditions.
Throughout the study, only a single type of base soil and its slurry concentration and
pumping rate were used. Furthermore, the aspects of a triaxial stress system, the
presence of lateral hydraulic gradient, and the physicochemical aspects of filtration and
clogging were not considered. Nevertheless, this proposed multi-layer approach of a
time based prediction of the overall hydraulic conductivity of a filter, is a framework
wherein future advances to develop more comprehensive design guidelines, can be
incorporated.
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CHAPTER EIGHT

ALTERNATIVE APPROACHES
TO PREDICTING
SATURATED HYDRAULIC
CONDUCTIVITY

8.1 Introduction
The hydraulic conductivity (k) of a fully saturated granular material can be predicted by
the Kozeny-Carman (KC) formula and its different variations, based on the porosity (n)
and effective diameter (de). Most variations would compute the parameter de based on a
given conventional particle size distribution by mass (PSDm), where the validation
would normally be done by comparing it with laboratory permeability tests conducted
on soils with an average coefficient of uniformity (Cu) of about 3. Knowing that the KC
formula was originally developed for uniformly graded materials, inevitable limitations
are revealed when it is used to increasingly graded soils.

This chapter discusses an alternative method for converting the PSDm into its
equivalence in surface area (PSDsa) which conforms to the fundamental geometric
assumption by which the KC equation was originally formulated. The estimated de
based on this proposed PSDsa method appears to implicitly incorporate the size, shape,
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and angularity of natural grains which were traditionally represented by the shape
coefficient ().

Another effective method for estimating the hydraulic conductivity of porous media is
directly applying its constriction sizes into the Hagen-Poiseuille (HP) equation. A more
detailed discussion of the HP equation with respect to its origin and relationship with
the governing Navier-Stokes (NS) equation can be found in Appendix 1. Aided by
Darcy’s law (assuming that steady state conditions in seepage hydraulics is maintained),
the effective diameter obtained from the constriction size distribution (CSD) can be
used in lieu of the cylindrical capillary tubes used in the original derivation. Published
data obtained from the literature, together with the laboratory observations of this study,
are used to validate the proposed methods.

8.2 Theoretical Basis for Evaluating de by the Surface Area Method
The original version, and most of the modified versions, of the KC formula were
validated using laboratory tests on mainly uniform granular materials with an average
Cu of about 3 (Chapuis and Aubertin 2003). Although within an acceptable range of
error, some data points that lie outside the prediction range are normally associated with
experiments conducted on granular soils with a Cu greater than 3 (NAVFAC 1986).
These versions of the KC predictive formula inherit limitations when applied mostly to
non-uniform materials. Although improvements in terms of its applicability to nonuniform materials are being implemented, the inconsistency between the original
surface area/volume assumption and the actual PSDm calculation of de means being
more reliant in the use of  when using the KC formula.
Without any help from  and deducing estimates from the PSDm of the soil, recent
developments by Chapuis and Aubertin (2003) were shown to be an acceptable
approximation of the set of data mentioned in the preceding paragraph. In spite of this, a
further increase in the Cu still showed the PSDm limitation when modeling the sizes of
voids in GW soils. As De Mello (1977) explained, large particles with high individual
mass and a low number are over represented in the model and produce a high number of
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large pores. As Cu increases the number of small particles filling the voids between the
larger particles would increase, leading to smaller sized voids. Federico and Musso
(1993) overcame this problem by converting the PSDm to PSD by the number of
particles (PSDn).
Adopting the findings by Humes (1996), Eq. 2.32 is redefined to effect the desired
improvement. If a soil material is composed of j discretised diameters d1, d2, d3, …, dj
and their mass probabilities of occurrence are pm1, pm2, pm3, ..., pmj, respectively, then
their probabilities by surface area can be obtained by multiplying the mass probabilities
by their corresponding coefficients psal, psa2, psa3, …, psaj given by the following
generalised equation (Humes 1996):

p sai

p mi
d
 avei
j p
mi

i 1 d
avei

(8.1)

Table 8.1 gives a sample calculation of converting a medium’s PSDm (Cu = 4.4) into its
PSDsa. This is considered to be more representative of the possible particles that may
form a pore. Because there will be a small number of larger particles, they have a great
number of contacts with other particles due to their large surface area. Figure 8.1(a)
shows a uniformly graded filter with a Cu of 1.2. It is clear that any PSD, whether it is
by mass (m), number (n), or surface area (sa), results in nearly the same curve for a
uniformly graded soil.
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Figure 8.1 PSD by mass (m), number (n) and surface area (sa)
for (a) uniform soil of Cu = 1.2, and (b) well graded
soil of Cu = 4.4. The original data was obtained from
NAVFAC (1986).
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Table 8.1 Sample calculation of converting PSD by mass (NAVFAC 1986) into PSD
by surface area.
di
% finer by
[mm] mass (pi)
20.67
100

14.83
8.40
4.41
2.20
0.75
0.40
0.17
0.07
Notes:

davei
[mm]
-20.67

pmi
--

pmi /davei
[1/mm]
--

psai

% finer by
surface area

--

--

100  90

 14.83
100
90
= 17.51
= 0.10
5.71x10-3 4.48x10-3
100
-2
-2
75
11.16
0.15
1.34x10
1.05x10
99.55
60
6.08
0.15
2.47x10-2 1.94x10-2
98.50
-2
-2
45
3.11
0.15
4.82x10
3.78x10
96.56
25
1.28
0.20
0.156
0.122
92.78
15
0.55
0.10
0.183
0.144
80.56
5
0.26
0.10
0.384
0.301
66.20
0
0.11
0.05
0.460
0.361
36.07
Retain the minimum di (0.07) for minimum davei and the corresponding
minimum pi = 0; the sum of pmi and psai must be equal to 1.0; (pmi/davei) =
1.274.

The resulting PSDs for a non-uniform soil are different. Figure 8.1(b) shows the PSDs
for a GW soil by number, mass, and surface area. The PSDm overestimates the larger
pores whereas the PSDn overestimates the smaller pores and underestimates the larger
voids. By converting the PSDm into PSDsa, the misrepresentations caused by
considering the mass and number are eliminated and the subsequent de estimate now
conforms to the original assumption postulated by Kozeny (1927). Continuing on the
data generated in Table 8.1, the calculation of de by PSDsa through the implementation
of Eqs. (2.38) and (8.1) is shown in Table 8.2.
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Table 8.2 Effective diameter (de) based on PSD by
surface area generated in Table 8.1.
d*avei
psai/d*avei
[mm]
[1/mm]
---17.51  11.16
-3
11.16
4.48x10
= 13.98
3.21x10-4
6.08
1.05x10-2
8.24
1.28x10-3
3.11
1.94x10-2
4.35
4.45x10-3
1.28
3.78x10-2
2.00
1.89x10-2
0.55
0.122
0.84
0.146
0.26
0.144
0.38
0.380
0.11
0.301
0.17
1.790
0.07
0.361
0.09
4.134
*
Notes: (psai/d avei) = 6.475; modifying Eq. (2.38) gives
d*e = 100%/(psai/d*avei) = 0.154 mm.
davei
[mm]
17.51

psai

8.3 Evaluation of de by PSDsa Method Using Experimental Data
A select group of experimental data from the literature and from this research were used
to evaluate the capability of the proposed method and illustrate its capacity to cover a
wider range of Cu. The data was divided into two sets: (a) for validation of the proposed
method of estimating the effective diameter (de), and (b) for a comparison of its
predictive ability when used in the KC formula. The selected literature sources provide
the necessary PSD curves, porosity and surface area measurements. A summary of the
data is presented in their PSD curves shown in Figure 8.2.

The first step is to demonstrate the closeness of the estimated values of de calculated
through the proposed PSDsa method and PSDm methods to the measured values from the
data by Craus and Ishai (1977) (curves 14 to 18 in Figure 8.2). The different PSDm
methods adopted in this study were those by Chapuis and Légaré (CL) (1992), Kovacs
(K) (1981) and Fair and Hatch (FH) (1933) and the measured values of de were back
calculated from measured S0 using Eq. (2.37). The S0 was measured using ASTM C204
(2002). There was close agreement is evident between each methods and the actual
measurements, as shown by approximately 6% maximum deviation from the line of
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equality (Figure 8.3(a)). Although the calculation procedure in the first five steps was
the same for each of method (up to the fifth column of Table 8.1), there were two key
differences that reflect how well the estimated values compared with the actual
measurements. The first difference roots from the way each method calculated the
average particle size (davei) for a discretised PSD curve. The proposed PSDsa, K and FH
methods used either geometric or harmonic-arithmetic averaging technique where the
difference between them is slight. The CL method uses the next measureable particle
size (di+1) and an equivalent diameter, which approximates all particles smaller than the
minimum measureable particle size, for the last particle size (dj).
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Figure 8.2

Particle size distribution of the different data used in this study: 1 to 13
(NAVFAC 1986), 14 to 18 (Craus and Ishai 1977), 19 to 22 (El-Daly and
Farag 2006), and 23 to 27 (current study).
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Figure 8.3 Comparison of different de estimates with (a) back calculated
de measurements, and comparison of the proposed method
(PSDsa) with the Chapuis and Légaré (CL) (1992), Kovacs
(K) (1981) and Fair and Hatch (FH) (1933) methods for soils
with (b) Cu < 3, (c) 3  Cu < 10, and (d) 10  Cu < 20.
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The second major difference is a continuation of the analysis (as shown earlier in Table
8.2) to calculate de. The K and FH methods rely on their suggested values of  to agree
with the measured values. Note that the values of  are different between the K and FH
methods for the same soil. The CL method produces a better estimate for increasing Cu
(curves 16 to 17) than the PSDsa method because it incorporates the fines better in
partially complete PSD curves. Both the PSDsa and CL methods are not dependent on 
values. Despite the missing “fine particles” of the used PSD curves, the estimated de
values using the proposed PSDsa method has less than 5% deviance from the measured
values.

The second step is a comparison of estimates of de based on the PSDsa method versus
the PSDm based methods in increasing Cu divisions presented in Figure 8.3(b) to Figure
8.3(d). In these plots the estimates of de via the K and FH methods are not yet corrected
with their respective values of , Figure 8.3(b) shows that the PSDm based methods
(CL, K and FH) agree with the proposed method, except for the data points generated
from curves 3 and 13. For the data points generated from curves 3 and 13, the amount of
fines contained in the original sample is more than their respective values of Cu would
have indicated. Assuming that these curves are internally stable, based on the criteria by
Kenney and Lau (1985), factoring these fines in the predictions would have shown that
the pores resisted the applied seepage forces further. Unless appropriate values of  are
supplied, the values of de can be easily overestimated using the K and FH methods.
In Figure 8.3(c), the over prediction factor of 1.75 of the de estimated from the PSDm
method is well within the average value of  suggested by Fair and Hatch (1933) and
Kovacs (1981). The same is true for the over prediction factor of 3.0 in Figure 8.3(d)
when compared with the findings of Kovacs (1981) over an extensive collection of
experimental data.

8.4 Comparison with Existing Versions of Kozeny-Carman Formula
Different predictions of k can be made according to the different methods of estimating
de by using the KC formula in the form of Eq. (2.36). In here  is equal to 1 for the
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PSDsa and CL methods while the K and FH methods are the overestimation factors
generated in Figure 8.3 that correspond to their respective Cu divisions. Figure 8.4(a)
shows the predictive capability of the KC formula via the PSDsa method when
compared to actual k measurements. All 27 curves in the plot are presented, except 14 to
18, covering a range of Cu of up to nearly 20.
For Cu < 3, the predicted values (kp) match closely with the actual measurements (km)
(Figure 8.4(b)). As expected, the values of kp from PSDsa, CL, K and FH methods agree
with each other. For the data points representing curves 3 and 13, however, the PSDsa
method gives a lower prediction than those generated by the other methods. More
importantly, the proposed PSDsa method predicts the value of k better when compared
to the other methods. Remarkably, the absolute difference of the predictive values of the
PSDsa and CL methods for data point 13 were relatively low and similar when
compared with the K and FH methods.

Figure 8.4(c) and Figure 8.4(d) show a comparison of predicted k generated from the
corrected and uncorrected de estimates. The values of kp based on PSDsa method do not
require any correction and compare very well with the values of km. For the other
methods, the correction factors obtained from the plots in Figure 8.3 are 0.57 (= 1/1.75)
for Figure 8.4(c) and 0.33 (= 1/3) for Figure 8.4(d). When appropriate corrective factors
were applied the values of kp from the other methods were close to the measured values.
Note also that the broken line in Figure 8.4(c), which represents the uncorrected
estimate of kp/km = 3.06, agrees with the findings from NAVFAC 1986 and Chapuis and
Aubertin 2003.
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The proposed PSDsa based KC formula was tested and validated against laboratory
permeability test data. Using selected curves with increasing sizes of d10, the proposed
PSDsa based KC formula was compared with the predictive NAVFAC equation. For the
same material represented by a single curve, a hypothetical variation of its porosity
ranging from 25 to 40% was used to generate the predicted curves. This variation in
porosity can be made in the laboratory by changing its compaction level. To ensure the
comparability of the proposed method against that of NAVFAC’s, the values of d10 and
Cu were within the boundary of the NAVFAC data.
The results of this comparison are shown in Figure 8.5. It appears in Figure 8.5(a) that
both predictive equations provided similar values at an average d10 of 0.24 mm for soils
with Cu < 3. As Cu increases to 10, this size of d10, where both predictive equations are
equal, decreases to 0.22 mm (Figure 8.5(b)) and reduces further to 0.11 mm when Cu
increases up to 20 (Figure 8.5(c)). Based on the general k-n behaviour of these
hypothetical soils, the proposed predictive curve tends to overestimate the k prediction
at lower values of d10. As d10 increases, the proposed method progressively
underestimates the k prediction. Similar to NAVFAC (1986) observations, the majority
of the k-n prediction curves in all levels of uniformity are three times above and one
third below the average values.
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Figure 8.5 Comparison of PSDsa and NAVFAC k-n predictive curve of
increasing d10 sizes of selected soils with (a) Cu < 3, (b) 3 
Cu < 10, and (c) 10  Cu < 20.

8.5 CSD based Hydraulic Conductivity Equation
8.5.1 Hagen-Poiseuille equation
The Hagen-Poiseuille (HP) equation is an exact solution to the Navier-Stokes governing
equation for the flow of fluid through a uniformly circular cross section of channel. By
applying the assumptions that makes Darcy’s law valid, the HP equation becomes a
predictive function of hydraulic conductivity (k) in terms of the porosity and
representative pore size of the medium (Eq. (8.2)). A more detailed discussion of this
derivation can be found in Appendix 1.

k

n   2
  Dc
32   
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In the above equation, Dc is the diameter of the parallel capillary tubes. When compared
to the rigorous analytical and stochastic approaches, the simplistic approach of the HP
equation makes it attractive in terms of its implementation. The idealisation that a soil
filter may be modelled by an ensemble of parallel capillary cylindrical tubes has proven
to be a suitable representation of the pore configuration of the filter matrix.

8.5.2 CSD based representative pore size diameter
Going back to the development of the KC based predictive models, the parameter de can
essentially be called the Kozeny hydraulic diameter. The methods based on this
parameter were developed with the assumption that the ratio of the surface area of the
capillary tube wall to its inner volume should be equal to the ratio of the grain surface
area of spheres with a uniform distribution in the sample to the pore volume. After years
of experimental and theoretical investigations, the D15 suggested by Terzaghi (1922)
was still found to be the most convenient parameter to represent the effective diameter
of a granular material. D15 represents the particle size where 15% of the particles by
mass are finer than the size. Recent findings by Indraratna and Raut (2007) clearly
pointed out with clarity the obvious limitations associated with the use of D15: it ignores
the effect of filter compaction and the surface area of the particle, which were
significant parameters in filtration analyses. Hazen (1910) proposed the use of D10 (of
PSD by mass). Improvements on the calculations of de were presented by Kovacs
(1981) who proposed that the concept of characteristic diameter where the effective
diameter of Kozeny must be reduced by 67%.

The size of the pores (voids) within the medium, and not the particle sizes, dictate the
seepage of any material. Recent geometric-probabilistic approaches to calculating the
void sizes within the medium recognise that soil masses are made up of a random
distribution of an array of particle sizes, which corresponds to a distribution of different
void sizes. The size of the voids derived from the concept of the CSD model (discussed
in section 2.9 to 2.10) was extended as the representative pore size for the HP equation.
Using the same materials shown in Figure 8.2, the calculated CSD based on the surface
area method and mass method is illustrated in Figure 8.6(a) and Figure 8.6(b),
Chapter 8 Alternative Approaches to Predicting Saturated
Hydraulic Conductivity

188

respectively. The procedure used to calculate the CSDs was developed after Indraratna
and Raut (2007) and followed the numerical algorithm shown in Figure 3.8.

Since the CSD of a given uniformly graded soil based on surface area and mass
concepts does not differ significantly, it would be anticipated that the subsequent
representative pore size would be similar. For a GW soil, the CSD based on surface area
produces relatively smaller constrictions than the mass based calculations shown in
Figure 8.6. When applied to Eq. (8.2), the difference between the estimated constriction
size would impact on the precision of the hydraulic conductivity predicted.
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Figure 8.6 Constriction size distribution of the different data used in this study: 1
to 13 (NAVFAC 1986), 14 to 18 (Craus and Ishai 1977), 19 to 22 (ElDaly and Farag 2006), and 23 to 27 (current study) by (a) surface area
method, and (b) mass method.

8.5.3 Evaluation of the CSD based HP equation
The CSD by surface area method is a more realistic approach for determining the
filtration capability of porous media because it considers filter gradation, PSD, and the
level of compaction. By extension, the direct use of a parameter derived from this CSD
curve of a filter would serve as a representative pore size diameter in the HP formula
(Eq. (8.2)). Figure 8.7 illustrates the comparison between predicted and measured
hydraulic conductivities using three parameters obtained from the CSD. As with the
preceding discussions the data points of each plot were divided into three uniform
groups and the predictions using the PSDsa method (Figure 8.5), Cu had no apparent
impact on the accuracy of the Dc35sa based HP predictive equation (Figure 8.7(a)).
Although the values of kp were not as accurate as those shown in the PSDsa method
(Figure 8.4), the precision of the predictions of the Dc35sa method were within an
acceptable envelope of error (Chapuis and Aubertin 2003). Predictive accuracy did not
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substantially improve when Dc50sa (Figure 8.7(b)) or when Dc.ave.sa (Figure 8.7(b)) was
used. Parameter Dc.ave.sa is the geometric mean of the filter CSD.
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Figure 8.7 Comparison of measured and predicted values of
hydraulic conductivity using the CSD by surface
area method via (a) Dc35, (b) Dc50, and (c) Dcave.

Figure 8.8 shows the application of the CSD by mass method to the HP equation.
Although there was some precision the overall accuracy of the predicted values was
relatively poor compared to the Dc35sa method.
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Figure 8.8 Comparison of measured and predicted values of
hydraulic conductivity using the CSD by mass
method via (a) Dc35, (b) Dc50, and (c) Dcave.

8.6 Summary
The use of the Kozeny-Carman (KC) and Hagen-Poiseuille (HP) formulae to predict the
hydraulic conductivity (k) of fully saturated granular (cohesionless) materials has been
demonstrated. The inclusion of the five types of filter used extensively in the preceding
chapters, into the analysis of accuracy of the predictive formulae, indirectly justifies the
applicability of the methods used in this research.

The proposed de by PSDsa method compares very well with the findings of other
researchers based on the combination of the conventional PSD by mass and their
corresponding shape coefficient (). Throughout this analysis the existing versions of
the KC predictive formula were validated for fully saturated granular materials with a
low coefficient of uniformity (Cu). However, when other methods are limited to Cu > 3,
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the resulting predictions of k using the PSDsa based KC formula agree with the values
obtained from the literature and the results obtained from this study.

The extension of Dc35 into the HP equation by the surface area method is particularly
advantageous in terms of its simple implementation. The method directly the size of the
pores (voids) within the medium and not the particle sizes, which dictate the seepage of
any material. The significant reduction of pore sizes due to extra fines, which increased
the resistance against the seepage forces applied, was also taken into account.

The material properties included in the validation of these methods were limited to a Cu
of less than 20, a porosity range of 25 to 40%, and d10 of 0.074 to 2.75 mm.
Furthermore, when the given soil PSD by mass was only partially complete, especially
when a considerable amount of fines was not represented in the curve, the proposed
methods was limited.
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CHAPTER NINE

CONCLUSIONS AND
RECOMMENDATIONS

9.1 General
To maintain an efficient supply chain in the minerals and agricultural sectors in
Australia demands that urgent attention be focused on the design of rail corridors
operating at higher speeds. To achieve that goal requires a well constructed and
maintained track that disperses the loads in a relatively even distribution. A properly
designed layer of subballast acts as a filter to prevent fines from the soil formation
migrating towards the upper ballast layer and ensures that the rail track substructure
performs its function properly.

Any assessment of a subballast filter must consider the key factors that control its
effectiveness because the cyclic loads present in railway a environment that are
considered crucial in filtration studies, are in direct contrast to the steady forces present
in embankment dam structures. The main assumptions used to develop the well studied
steady state empirical and analytical filtration models (Table 2.10) would require
serious evaluation before they could be applied to cyclic loads.
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Numerous failures of track substructure could have been prevented if appropriate
filtration and drainage had been in place. This subballast filter has more emphasis in
low lying coastal areas where the occurrence of hydraulic erosion and/or clay pumping
phenomena is more prevalent. While granular filters are acceptable under the dynamic
nature of a railway environment it is important to understand how cyclic loading
impacts on the different mechanisms of filtration. The conflicting roles that filter must
satisfy have always been the controlling mechanism in the development of its selection
criteria. Fundamentally, it must be fine enough to capture some of the larger particles of
the protected materials to initiate self-filtration, but also be coarse enough to allow
seepage to pass through without clogging.

9.2 Conclusions
Cyclic loading in a wet environment presents a unique challenge to the stability and
filtration mechanisms of the subballast layer. This research focuses on refining and
improving recently developed design criteria based on the constriction size distribution
(CSD) model, to describe the various time dependent filtration properties in a rail track
environment. According to the experimental results and mathematical findings of this
study, the following remarks and observations can be drawn:

9.2.1 Development of modified filtration apparatus
A combination of various devices materialised into a modified filtration apparatus that
has the capacity to simulate the dynamic conditions present in a rail track environment.
This experimental program was designed to subject a series of granular soil filters to a
simulated cyclic load of heavy haul freight trains combined with a certain pore water
pressure applied at the bottom of the specimen. Due to time constraints, the objective of
this research was limited to determining the properties of a granular soil that could be
used as an effective filter against a Category I base soil (Indraratna and Locke 1999),
which is associated with clay pumping. Together with this, a detailed study of its
effectiveness as a drain over the long term was achieved.
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Changes in the porosity of the filters was monitored and captured in real time. Where a
fully saturated granular filter material was present, the impedance probe provided a nondestructive estimate of changes in porosity within a reasonable margin of error. The data
generated were used to validate the applicability of the constriction based model
(Indraratna et al. 2007), the amount of base particles trapped within its voids, and the
overall efficiency and effectiveness of granular filters.

Using the latest available modified filtration apparatus, long and short term observations
of saturated, cohesionless subballast (as filter layer) subjected to cyclic loading and clay
pumping were achieved. The key concepts conceived to embody this research into
subballast filtration, namely cyclic loading, the mechanism of subballast deformation,
the mechanism of particle transport, and seepage hydraulics, were found to have a
practical inter-relationship. Seepage hydraulics through porous media in a rail track
environment is affected by the cyclic mechanical loading generated by passing trains.
The subballast which dissipates the stress transferred from the overlying ballast layer,
also acts as a filter to minimise the adverse effects of clay pumping and hydraulic
erosion by controlling the migration of fines coming from the subgrade. The results of
this study have an impact on future research into granular filtration.

9.2.2 Key parameters that influence the hydraulics of subballast filtration
A laboratory investigation followed the experimental program discussed in Chapter 3.
Here the subballast was subjected to a series of tests that closely simulated one of the
worst case field situations with respect to drainage and filtration. The primary objective
was to monitor the performance of a granular filter previously identified as satisfactory,
based on existing filtration criteria.

The laboratory investigation was organised in 3 phases. Filtration tests for Phase 1 were
conducted using the slurry form of base soil under pseudo-static conditions. Filters that
passed the first phase, that is they exhibit internal stability under pseudo-static loading,
were subjected to a series of short term cyclic loading tests of up to 100,000 cycles
(Phase 2). Finally, filters that were effective in trapping fines while keeping drainage
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capacity in a good level (i.e., k > 10-5 m/s) were then observed in long term filtration
tests in Phase 3. The key parameters known to cause changes in the seepage hydraulics
within the subballast, were studied in detail in a controlled laboratory setup.

1. Maximum compressive load. The maximum amount of compressive force
in a one dimensional static compressive state is related to the amount of
axial deformation inflicted onto the specimen. The compressive force used
in this research was a reflection of the actual maximum field stresses
recorded in a test track. The maximum and minimum stresses used in the
compressive cyclic loading were comparable to the stress calculations
based on the available mathematical solutions (see Tables 2.7 and 3.3).

2. Slurry loading rate. The input water pressure based on the pore water
pressure generated during passing traffic, was intended to resemble the
rate the slurry being pumped into the filter. To limit the number of
variables it was important to keep the water pump pressure and flowrate
constant throughout the test. To attain this, the pump was connected to a
computer controlled pressure transducer. The influent slurry went from the
bottom to the top of the specimen.

3. Grading properties. The coefficient of uniformity (Cu) and the amount of
fine sand were the main grading properties that affected the mechanical
characteristics and seepage hydraulics of subballast under cyclic
conditions. It was shown in this investigation that a combination of high
Cu and relatively coarse grain (30% fine gravel, 20% fine sand) cannot trap
fines within its voids. Laboratory findings suggested that GU subballasts
with not more than 30% fine sands (particle range of 0.15 to 0.425 mm)
increased trapping efficiency while keeping good drainage level.
Compared to GW materials, GU subballasts have relatively less
mechanical resistance against axial deformation. The cyclic stress applied
to GU subballasts reduced porosity which enabled the filter to trap
migrating fines more effectively. Moreover, this intrusion of fines changed
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the PSD of the subballast soils and significantly affected its drainage,
which further reduced porosity.

9.2.3 Applying the CSD model to cyclic loading filtration
The constriction based filtration criterion must be satisfied when choosing a particular
filter for a given base soil. When this is applied to the transport sector where a degree of
plastic deformation to an anticipated cyclic load generated from passing traffic is
expected, a relatively relaxed criterion where the original size of Dc35 can be 3.33 times
the size of d85sa was found. While this gap was closed by the filter deforming under
cyclic loading, it was also an essential aid in forming an internally stable self-filtration
layer at the base of the soil-filter interface. The internal stability of the filter is
inherently satisfied once this constriction based criterion is met.

The examples worked out and presented in Chapter 7 were based on a combination of
the base soil (Figure 3.3) and filter F1 (Figure 3.9). Through this combination the
concentration of base soil slurry was then deduced by considering its impact on the
geometry of the filter voids (Eq. 2.35). In effect, the recorded changes in porosity during
filtration tests were a combination of the compression of the filter and accumulation of
base soil particles trapped within the filter voids.

9.2.4 Development of a semi-empirical geo-hydraulic model
There is a need to assess the impact of cyclic loading to better understand the
mechanisms of filtration, interface, and time dependent changes to filtration that occurs
within the subballast as a filter medium. The mathematical and physical concepts that
this research was able to pursue are as follows:
1. one dimensional cyclic compression of the subballast and how it reduced
its controlling constriction size (Dc35) relative to the base soil
representative diameter (d85sa);
2. the coupling effect of consolidation in the framework of post shakedown
plastic analysis with respect to the mechanism of particles of base soil
migrating through the network of filter voids; and
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3. the temporal porosity reduction function as an extension of the KozenyCarman formula, which can be a practical tool for predicting the life of the
drainage layer.

The semi-empirical mathematical model that can predict the filtration and drainage of
saturated subballast under cyclic train loading was presented in Chapter 8. The key
assumptions of the model included:
1. a stress domain of Drucker-Prager potential applied in a viscoplastic
model in the framework of a post shakedown cyclic densification regime;
2. the evolution of plastic strain under the principle of one dimensional
compression;
3. the dominant constriction size (Dc35) of the filter is smaller than or equal to
the representative diameter (d85sa) of the base soil; and
4. steady state conditions under laminar flow to ensure the applicability of
Darcy’s law and the phenomenological Kozeny-Carman equations.

9.2.5 Validation and design implications of the developed model
The practical application of the mathematical model was discussed and illustrated. A
factor that makes the model appealing to practising engineers is its reliance on existing
and well known filtration and hydraulics models such as the CSD model and KozenyCarman formula. Another advantage of the presented formulations can be experienced
through an implementation that does not require advanced numerical tools.
Furthermore, the parameters required by the model can be obtained from three basic
tests: (a) pre- and post test sieve analysis, (b) a one dimensional compression test, and
(c) a filtration test.

Once the pre-test sieve analysis is completed, the effective diameter de of the PSD of the
original filter can be calculated. The shakedown plastic strain (f) of a fully saturated
specimen is then obtained from a simple one dimensional compression test. The
maximum load used in the compression test should not be less than the anticipated in
situ stress state. The voids ratio (e) or porosity (n) during the initial and final state of the
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specimen should also be noted. The original volume of the specimen (V0) and the solid
density of the base soil (a) must also be determined. Before commencing the filtration
test, the initial hydraulic conductivity (k0) of the filter must be recorded.
In order to fully apply the model the following assumptions and parameters must be
satisfied or supplied: (a) Dc35  d85sa, (b) fully saturated state, (c) maximum compressive
load, (d) slurry concentration, (e) slurry loading rate, (f) cyclic loading frequency, and
(g) scaling factor.

One step in the calculation process is to determine the accumulation factor (Fa). The
parameters required to complete this formulation can be obtained from the post test wet
and dry sieve analysis from the filtration test.

From the predicted amount of trapped fines, a new base soil-filter mix PSD can be
estimated. The effective diameter de of the new PSD by mass of the filter and
accumulated fines is its geometric-weighted harmonic mean.

9.3 Recommendations
The lack of current experimental data for understanding the filtration of granular filters
under cyclic loading was a major motivation of this study. In particular reference to
railway industries, the necessity to alleviate the need to understand the filtration
mechanism and formulate design guidelines have been more pronounced. Due to the
various constraints and limitations any research normally entails, many other aspects of
this unique filtration study require even more understanding. The following is a list of
recommendations that may be vital fur further research into filtration under cyclic
conditions:

1. This apparent equilibrium could still be endangered by changing load
conditions caused by the loading frequency of applied stresses, and the
development of high hydraulic gradients in and under the filter.
Throughout this study only a single type of base soil and its slurry
concentration and pumping rate were used. Although the combination of
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materials used in this experimental investigation represented one of the
worst possible scenarios in the field, further experiments on a number of
combinations of base soil-filter mix, slurry concentration, and pumping
rate would provide a more holistic design guideline.

2. It is recommended that the aspect of soil softening be investigated. Soil
softening is a mechanism that allows the particles of subballast to
penetrate into the subgrade. This aspect of filtration which occurs at the
base-soil filter interface was not studied in detail here. During the
experimental evaluation, the self-filtration layer formed at the interface
was due to the formation of a filter cake caused by the intrusion of base
particles into the filter voids. In effect, none of the original filter grains
were lost during each test.

3. One of the common solutions to softening subgrade is the use of
geosynthetic inclusions (Alobaidi and Hoare 1999). However, certain
geotextiles are generally considered unable to control migrating fines
under dynamic loading (Bell et al. 1981, Ayres 1986, and Yang and Yu
1989). Unlike the protective capacity of granular filters that have a much
greater thickness, geotextiles lack the capacity to “heal” once damaged.
Snaith and Bell (1978) and Ayres (1986) showed that a layer of sand can
inhibit the subgrade from softening. It is recommended that with a
functional laboratory setup, further experimental on the effectiveness of a
combination of granular filter and geotextile filtration under cyclic loading
be conducted.

4. The mathematical model presented in this study benefited from a number
of simplifications. It is recommended that the aspects of a triaxial stress
system, the presence of a lateral hydraulic gradient, and the
physicochemical aspects of filtration and clogging be investigated (Suiker
and De Borst 2003, Reddi and Bonala 1998, Alobaidi and Hoare 1994).
The presented model can be improved by explaining the cyclic
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densification using energy methods (Suiker and De Borst 2003,
Choudhury et al. 2008.)

5. The approach used to develop the present model is semi-theoretical.
Further improvement may be imposed by using a mass balance approach
developed by Indraratna and Locke (2000) and Indraratna and Vafai
(1997) to understand the migration of particles. The clogging model by
Reddi and Bonala (1997) may also be incorporated in Eq. 7.10 as a
mechanism of the subsequent deposition and accumulation of base
particles.

6. For the study on seepage hydraulics of porous media, the application of
the proposed KC-PSDsa and HP-CSDsa methods may be extended to
cohesive soils (Singh and Wallender 2008, Chapuis and Aubertin 2003).

7. Subject to the availability of data, a numerical approach to validate the
semi-empirical findings of this study would be most beneficial. The same
is true in the study of granular filters under different applications and
conditions. With special reference to seepage hydraulics, numerical studies
using the particulate approach is recommended (Jeyisanker and Gunaratne
2008).
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APPENDIX 1

SEEPAGE HYDRAULICS THROUGH
POROUS MEDIA: A WALKTHROUGH
A1.1 Navier-Stokes General Equation
The understanding of fluid flow through porous media began in the eighteenth century.
Following the work by Pierre Laplace, Claude-Louis Navier presented differential
equations to describe pressure and velocity in unsteady three dimensional viscous flow.
They were later confirmed by George Gabriel Stoke and became known as the NavierStokes (NS) equations. Their derivation begins with an application of the conservation
of momentum (often alongside mass and energy conservation) being written for an
arbitrary control volume. In an inertial frame of reference, the most general form of the
NS equation is given as:
 v

 v  v   p    T  f
 t




(A1.1)

where = fluid density , v = flow velocity vector,

t = time, p = pressure, T =

deviatoric stress tensor, and f = body forces per unit volume. The pressure gradient p
arises from normal stresses that turn up in almost all situations, dynamic or not. Note
that only the gradient of pressure is required, not the pressure itself. The effect of the
pressure gradient is that fluid flows from high pressure to low pressure.
The gradient of the deviatoric stress tensor (   T ) conventionally describes viscous
forces. With the assumption that the fluid is incompressible and Newtonian (based on
natural observations), the vector T is specified in terms of velocity and its shear effect
as follows:



  T   2 v



(A1.2)
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where  is the fluid dynamic viscosity.

In general the non-linear partial differential NS equations establish an explicit
relationship among the rate of change of the variables of interest (e.g., velocity and
pressure). The non-linear nature of the equation is produced by the convective flow of
the fluids, whether turbulent or not (e.g., laminar passage of a viscous oil through a
small converging nozzle). For a one dimensional incompressible flow of Newtonian
fluids, the NS equation can be given by Eq. (A1.3). Equation (A1.4) is a more general
two dimensional scheme of NS equation.

  2v 
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 v
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A1.2 Euler Equation
Leonhard Euler used the NS equation as the governing mechanism for controling fluid
flows with zero viscosity and heat conduction (T = zero). Therefore Eq. (A1.1) is then
simplified into:
 v

 v  v   p  f
 t




(A1.5)

If the velocity field ( v ) is zero and is constant over time, Eq. (A1.5) becomes the
hydrostatic formula.
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A1.3 Bernoulli equation
Daniel Bernoulli first recognised the importance of energy conservation in the analysis
of fluid flow. Assuming that the fluid density is constant, the velocity field is
independent of time and the force terms are the pressure and gravitational, Euler’s
equation converted in cylindrical coordinates can be integrated within a definite
increment r :

1 2
1
v A  ghA  p A  v B2  ghB  p B
2
2

(A1.6)

A1.4 Darcy’s Law
This is a phenomenologically derived constitutive equation that describes the flow of a
fluid through a porous medium. Henry Darcy assumed a stationary, creeping
( v t  0 ), incompressible flow ( v  0 ) to simplify the NS equation into:

  2 v   g  p  0

(A1.7)

If the force due to the fluid viscosity is proportional to the pore velocity v but opposite
in direction d 2 v dz 2   n K v , where n is porosity and K is the permeability [m2].
Subsequently, the Darcy equation can then be presented as shown in Eq. (A1.8) while
the pore velocity v (m/s) is given in Eq. (A1.9)



n
v  g  p
K

v

K  dp

  g 
n  dz


(A1.8)

(A1.9)

Only a fraction of the total formation volume is available for flow, which can be
calculated by multiplying the pore velocity (v) by the porosity (n) to produce the
discharge velocity or Darcy flux (discharge per unit area, m/s),
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q

K  dp

  g 
  dz


(A1.10)

As shown in Eq. (A1.11), the above equation can be rearranged to derive Eq. (A1.12).

q


dz
K  dp
K  dp
 dz
    g  
  
 dz 
g
  dz
  g
 g


K
 dh  dz
q    g  
dz



(A1.11)

(A1.12)

Alternatively, if the change in field density is negligible, Eq. (A1.10) can be further
simplified and rearranged to come up with a more compact equation for discharge
velocity q (Eq. (A1.14)).

q

K  dp  g
K
dp
K
dp
   g 
   g 
 
  dz  g

g  dz

  dz

q

K



 g 

dh
dz

(A1.13)

(A1.14)

The terms within the brackets in Eqs. (A1.12) and (A1.14) can be represented by a
single parameter k, the well known hydraulic coefficient [m/s], while the gradient terms
are represented by i:
q  k  i

(A1.15)

Darcy’s law is only valid for slow, viscous flow. Typically, any flow with a Reynolds
number (Re) less than one is clearly laminar and it would be valid to apply Darcy’s law.
Experimental tests have shown that flow regimes with a Reynold’s number up to 10
may still be Darcian. Reynolds number (a dimensionless parameter) for porous media
flow is typically expressed as:
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Re 

qd 30


(A1.16)

where d30 is a representative grain diameter for the porous medium (often taken as the
30% passing size from a grain size analysis using sieves).

One extension to the traditional form of Darcy's law is the Brinkman term, which is
used to account for transitional flow between boundaries (introduced by Brinkman in
1947). This happens when porosity (n), which is the fraction of voids divided by the
total volume of the porous body, is close to unity. The correction term considers the
flow through a medium where the grains are porous themselves. For a sufficiently high
flow velocity, the flow is nonlinear, and Dupuit and Forchheimer have proposed to a
new generalized flow equation.

A1.5 Hagen-Poiseuille Equation
Both Gotthilf Heinrich Ludwig Hagen and Jean Louis Marie Poiseuille studied low
velocity flow in capillary tubes and derived an exact solution to the NS equations for the
flow of fluid through a pipe of uniform (circular) cross section. A simplified method for
deriving this HP equation is to write the NS equation in cylindrical coordinates and
apply the following set of assumptions: the flow is steady ( v t  0 ), the radial and
swirl components of the fluid velocity are zero (ur = uθ = 0), and the flow is
axisymmetric ( v   0 ) and fully developed ( u z z  0 ). The different forms of HP
equation are shown below:

p  32
 32 Q  32 q

v

2
L
D
D2 A
D2 n

(A1.17)

Using the definition for p    h and A  D 2 4 , further rearrangements and
regrouping of Eq. (A1.17) yields Eqs. (A1.18) or (A1.19):
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Q

D 4 
 i
128 

(A1.18)

q  i

n 
  D2
32 

(A1.19)

Applying Darcy’s law in the form of Eq. (A1.15) into Eq. (A1.19) produces the
equation for hydraulic permeability in the framework of HP equation:

k

n 
  D2
32 

(A1.20)

A1.6 Kozeny-Carman equation
When a fluid passes through a porous material, it flows through long, thin tortuous
passages of varying cross sections. The problem is how to calculate the flow rate based
on the nominal thickness of the layer. This was tackled by Josef Kozeny (1927) and
later by Philip C. Carman (1938). The result is a semi-empirical/semi-analytical formula
which gives a mean velocity of flow in the direction at right angles to the layer plane of
its thickness and other parameters.

Kozeny modelled a layer composed of many small capillary tubes (say, x) of diameter D
that makes up a cross sectional area AT. The actual area that allows flow is the area for
voids (Av). The ratio Av/AT is the porosity (n) of the material. The volume flow rate
through the layer is Q = qAT. The flow rate can also be given as Q = vAv by using the
definition q = nv.

Carman improved the equation proposed by Kozeny by realising that the effect of
tortuousity (   Le L ) makes the length of passage longer (Le) than the actual thickness
of the layer (L). It follows that v  q  n , and substituting this modified n-q
relationship into the HP equation (Eq. (A1.17)) gives:
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p
32q

L
nD 2

(A1.21)

Kozeny assumed the following conditions for the original derivation:
1. The ratio of the surface area of the pipe wall (S) to its inner volume (Vv) should be
equal to the ratio of the grain surface area (A) in the sample and the pore volume
(Vv).
2. The cross section of flow should be identical in the original and model system. It
follows from this that the cross section of one model pipe multiplied by the
number of pipes (x) crossing a unit area should be equal to a real porosity.
According to condition (1), S Vv  A Vv . The general definition of porosity from the
soil matrix volume relationships is n  Vv VT  Vv Vv  Vs  , where Vs, Vv and VT are
volume of solids, volume of voids, and total volume, respectively. By rearranging, we
find that Vv  n  Vs 1  n . Therefore,
S
A 1 n
 
Vv Vs n

(A1.22)

Each of the capillary tubes is made of diameter D and effective length Le. Each tube has
a surface area of Si and volume Vvi. From condition (2), the total surface area for all the
tubes is therefore S  x  DLe . On the other hand, the total volume of the cylindrical
channel is Vv  x  D 2 Le 4 . Dividing Vv by S results into:

x  DLe
S
4


2
Vv x  D Le 4 D

(A1.23)

By comparing Eqs. (A1.22) and (A1.23), the following is obtained:

4
A 1 n


D Vs
n
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Geometric assumptions are made to simplify further. The solid volume of the particle
grains is made up of spheres with a mean diameter of d0, and the surface area for tubes
is assumed to be equal to the area for these particles ( A  d 02 ). The volume of these
particles is Vs   d 03 6 . Upon substitution to the right hand side of the above equation,
it follows that

D

 d 03 6 4n 2d 0 n



3 1 n
d 02 1  n

(A1.25)

Substituting Eq. (A1.25) to Eq. (A1.21) solves a form of the Kozeny-Carman (KC)
equation:

p
32q

2
L
 2d 0 n 
n


 3 1 n 

(A1.26)

Research has shown that  is about 2.5, hence,
p
180q 1  n 


L
d 02
n3

2

(A1.27)

The effective diameter (d0) can be estimated from a Particle Size Distribution (PSD)
curve. By discretising the PSD into sections of sizes (di) and respective percent
accumulation (Pi), the parameter d0 can then be obtained by the following:

d0 

1
 Pi

i

(A1.28)

di

where d i  d si  d li and i is the shape coefficient for the respective section of particle
sizes.
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In lieu of the effective diameter (d0), the KC equation can be written in terms of the
corresponding specific surface area (S0). For a spherical solid particle (as assumed),

  d 02
Area
6
S0 


3
Volume   d 0 6 d 0

(A1.29)

Combining Eqs. (A1.15), (A1.27) and (A1.29) subsequently yields:

  p 1  1  n 2
p
1
 180 



k 
  
L
6 S 0 2   L   n 3

(A1.30)

After simplifying and rearranging,

1   1
n3
k     2 
5    S 0 1  n 2

(A1.31)

For a permeating water at 20ºC, w = 9810 N/m3 and w = 1.003x10-3 Pa-s, the KC
equation can be simplified into:

1
n3
m
k    1.96 10 6  2 
S 0 1  n 2
s

(A1.32)

In terms of voids ratio ( n  e 1  e ), the equation becomes:

1 e3
m
k    1.96 10 6  2 
S0 1  e
s
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APPENDIX 2:

MODIFIED FILTRATION
APPARATUS
A2.1 Actual Experimental Setup
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D – Tie rod nut

E – Bottom
perforated plate

F – Wire mesh

B – Chromium-plated chamber
A – Base + Tie rod
Assembly Procedure

I – ADR lock
1.
G – Rubber stopper

2.
3.
4.
5.

H – ADR probe + ADR
dummy

K – Easy handle

J – Loading piston

6.
7.
8.
9.
10.
11.
12.

M – Loading shaft
L – Top plate

Appendix 2 Modified Filtration Apparatus

13.

Place A on a firm and flat surface. Make sure that
the o-ring is in place in the groove.
Place B on top of A.
Put C on every other tie rod. Screw in D.
Put E inside B. Then Put 2xF on top of E.
Put G on top of F. Use petroleum gel to make the
rubber stopper hold on to the wall of the chamber.
Put the ADR dummy in the lower ADR socket.
After the fist layer of soil, remove ADR dummy
and replace with ADR probe. Lock with I.
Repeat steps 7 & 8 until 150 mm soil thickness is
achieved.
Put 1xF on top of the soil. Then put J.
Screw in K on J to aid placement.
Remove C & D from the tie rods.
Put L to close up the chamber. Make sure that M
is properly in position and the o-ring is in place in
the groove. Use petroleum gel to ensure the o-ring
won’t fall off.
Lock in L tightly with D.

A2.2 Parts of the Apparatus and Assembly Instructions

C – Tie rod lock

N – Inlet valve
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A2.3 Risk Assessment
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Appendix 2 Modified Filtration Apparatus
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A2.4 Safe Work Procedure
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Appendix 2 Modified Filtration Apparatus
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A2.5 Safe Operating Procedure
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APPENDIX 3: ODEMARK EQUIVALENCE METHOD
In 1949, Odemark proposed an empirical method that can convert a multi-layered

3 = mean
2

1

4 = 

system into a single-layer system. The maximum vertical stress on the subgrade in the

5 = 

actual three-layer system then correlates with the maximum vertical stress in the

x
h1

Ballast

h2

Sub-ballast

equivalent half space at a distance from the surface. His equivalency for N-1 layers was
Eballast

zmax

Subgrade

given by the expression

Esub-ballast
Esubgrade

0

0.5

1

1.5

0
0.2
0.4
0.6
0.8
1

z

1.2

Fig. 2.4. Stress pattern on the ballast bed along the length of the rail
track (Esveld 2001).

h b = 0.38 m
h sb = 0.15 m
E b = 310 MPa
E sb = 125
E su = 55
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(2.10)

~
where h = equivalent depth;
E = Young’s modulus of elasticity of the respective layers; and

 = Poisson’s ratio of the respective layers.

MPa
MPa

u b = 0.3
u sb = 0.35
u su = 0.45

In this method, once a multilayer has been transformed, calculations are only valid
within the lowest layer considered during the transformation (layer N). If layers exist
beneath layer N, it is implicitly assumed that they have elastic properties equal to those
found in layer N (Ullidtz 1998). Odemark’s method has been found to approximate the

h equi. = 0.84 m

multilayer theory of elasticity only for cases when elastic moduli decrease with depth
(Ei/Ei+1 > 2) and where layers are relatively thick in which the transformed thickness of
each layer is larger than the radius of the loaded area (Ullidtz 1998).
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APPENDIX 4: STRESS CALCULATIONS
A4.1Dynamic
Dynamic Amplification
Factor
– Eisenmann
Method
Amplification
Factor
- Eisenmann

method

The Eisenmann scheme to determine the DAF (Dynamic Amplification Factor) is
dependent on the train speed, the track quality, and chosen factor t and reads as
follows
DAF  1  t

 V  60 
DAF  1  t 1 

140 

where V = train speed [km/h]

if V < 60 km/h
if 60 ≤ V ≤ 200 km/h

(2.1)

t = multiplication factor of standard deviation which depends on the confidence
interval. Since the rail is so important and reliability of rail traffic, a value of
3 is recommended as the chance of exceeding the maximum calculated
stresses is only 0.15% (refer to Table 2.5); and
Table 2.5. DAF formula t-parameter.
Probability [%]
Application
68.3
Contact stress, subgrade
95.4
Lateral load, ballast bed
99.7
Rail stresses, fastenings, supports

t
1
2
3

Table 2.6. Choices for φ-parameter.
Track condition
φ
Very good
0.1
Good
0.2
Bad
0.3

V = 110
t= 1
f = 0.2
DAF = 1.27

km/hr
subgrade
good
This is in agreement with the data from Jeffs and Tew (1991) which is used
as an impact factor in track design. A comprehensive method of determining
the impact factor has been developed by the Office of Research and
Experiments (ORE) of the International Union of Railways, ORE 1965.
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A4.2Impact
Impact Factor
– ORE
Method
Factor
- ORE
method
A method of determining the impact factor has been developed by the Office of
Research and Experiments (ORE) of the International Union of Railways (ORE 1965,
Jeffs and Tew 1991). In this method, the impact factor is based on the measured track
forces of locomotives and is defined in terms of dimensionless speed coefficients ’, ’
and ’, as given by the following equation

f  1   ' ' '

(2.4)

where ’and ’ are related to the mean value of the impact factor while ’ is related to
the standard deviation of the impact factor.

2.0
Maximum speed
[km/h]
140
200

1.9
1.8

Without levelling defects
and depressions
With usual levelling defects
without depressions
With usual levelling
defects and depressions

Impact factor, f

1.7
1.6
1.5

1a

2a

1b

2b

1c

2c

1.4
1.3
1.2
1.1
1.0
0

20

40

60

80

100

120

140

160

180

200

220

Train speed [km/h]

Fig. 2.3. Impact factor for the ORE method (Jeffs and Tew 1991).

f = 1.32
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A4.3Impact
Impact Factor
– AREA
Method
Factor
- AREA
method
This method, recommended by the American Railway Engineering Association (AREA
1918), emphasizes the influence of the same design load parameters: static wheel loads,
train speed, and traffic tonnage. A dynamic wheel load (Pdyn) corresponding to a static
wheel load Pstat is calculated by multiplying a factor as follows
Pdyn  f  Pstat

f  1

0.00052V
D

(2.2)
(2.3)

where V = train speed [km/h]; and
D = wheel diameter [m].
V=
D=

110 km/hr
0.97 m

f = 1.059

A4.4
Impact Factor
– Atalar
et al. Method
Impact
Factor
- Atalar
et al. method
A method using simple equation was proposed by Atalar et al. (2001) to compute
equivalent dynamic wheel load

Pw  f  Pw



f  1 

V 
1  C 
100 

(2.8)
(2.9)

where P’w = equivalent dynamic wheel load for design;
Pw = static wheel load;
V = maximum train speed [km/h]; and
C ≈ 0.3.
V = 110
C = 0.3

km/hr

f = 2.73
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A4.5
Stresscalculation
Calculation – Zimmermann
Methodmethod
Stress
- Zimmermann
Figure 2.4 shows the stress pattern on the ballast bed along the length of the track. For
each sleeper the stress is assumed to be evenly distributed over the sleeper surface. The
evenly distributed stresses per sleeper are then replaced by equivalent strip loads
covering the sleeper width. Based on the given strip loads on the ballast bed, the
thickness of the ballast and subballast layers, and the elasticity constants for the layers
the maximum vertical stress on the subgrade can be evaluated by superimposing the
contributions of the various. The dynamic amplitude is taken into account by
Eisenmann's increment factor (Eq 2.1). The magnitude of this stress beneath the various
sleepers caused by wheel load Q is

 i   max  xi 

(2.11)

in which:

 max  DAF 

  xi   e
L4

 xi

L

Qa
2 LAsb

xi
xi 

cos L  sin L 



(2.12)
xi ≥ 0

4 EI
k

(2.13)
(2.14)

where DAF = dynamic amplification factor, Eq. 2.1 (for subgrade: t = 1);
Q = effective wheel load [kN];
a = sleeper spacing [m];
Asb = contact area between sleeper and ballast bed for half sleeper [m2];
L = characteristic length [m];
EI = bending stiffness of the rail [kN-m2]; and
k = foundation coefficient of continuous support [kN/m2].
Note that in this method of longitudinal beam calculation, the rail is defined as an
infinite beam on a continuous elastic support (Ebersohn and Selig 1994). This
assumption holds for a beam of finite length if the length is greater than 2L.
The vertical stress in a half space loaded by an evenly distributed strip load according to
Fig. 2.5 can be determined using the two-dimensional theory of elasticity. This
compressive stress reads:

 zi   i  f xi 

(2.15)

in which:
1
1

 1   2  sin 2 1  sin 2 2 


2

x b 2
 1  arctan i ~
h
xi  b 2
 2  arctan ~
h
f  xi  
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(2.16)
(2.17)
(2.18)

244

where b = sleeper width [m]. In this manner, the contributions to the maximum
vertical stress on the formation can be determined for each strip load according to:

 z max    zi

(2.19)

i

Q=
a=
l=
L=
b=
A sb =

b
xi

i
1

~
h

x

2

175
0.495
2.5
1.3
0.26
0.216667

 max = 154

kN
m
m
m
m
m2
kPa

zmax

z

Fig. 2.5. Stress due to strip load on half space.

i

xi [m]

(xi)

1
2
3
4
5

-1.0
-0.5
0.0
0.5
1.0

0.66
0.89
1.00
0.89
0.66

i [kPa]

1

101.5
0.928
136.6
0.641
153.8
0.154
136.6
0.641
101.5
0.928
(Non-amplified yet)

2

f(xi)

0.798
0.035
0.411
0.109
-0.154
0.194
0.411
0.109
0.798
0.035
Szi = zmax =

zi [kPa]
3.6
14.9
29.9
14.9
3.6
66.8

kPa

Distance, x [m]
-1.0

-0.5

Depth from ballast surface [m]

-1.5
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A4.6 Subballast – Subgrade Interface Stress Calculations Summary

Subballast-subgrade interface stress calculation

Input column
V = 110
Q = 175
a = 0.495
l = 2.5
L = 1.3
b = 0.26
h b = 0.38
h sb = 0.15
E b = 310
E sb = 125
E su = 55

Table 2.3. Number of axle and weight per axle of several rolling stock
types (Esveld 2001).
Number
Weight per axle [kN]
Rolling stock type
of axles
Empty
Loaded
Trams
4
50
70
Light rail
4
80
100
Passenger coach
4
100
120
Passenger motor coach
4
150
170
Locomotive
4 or 6
215
-Freight wagon
2
120
225
Heavy haul (USA, Australia)
2
120
250 - 350

km/hr
kN
m
m
m
m
m
m
MPa
MPa

Table 2.4. Maximum speeds of different railways (Esveld 2001).
Speed [km/h]
Railway type
Passenger train
Freight train
Branch lines
-30 – 40
Secondary lines
80 – 120
60 – 80
Main lines
160 – 200
100 – 120
High speed lines
250 – 300
-* world record = 515.3 km/hr (TGV – SNCF, May 1990)

MPa

u b = 0.3
u sb = 0.35
u su = 0.45
h equi. = 0.84 m
 s-b = 403.8 kPa
2
A sb = 0.22 m

Table 2.7. Characteristics of typical cars and locomotives in North
America (Li and Selig 1998).
Wheel
Axle
Wheel load Axles per
Car type
diameter
spacing
[kN]
vehicle
[m]
[m]
125 tons
0.97
173
4
1.83
110 tons
0.91
160
4
1.78
100 tons
0.91
147
4
1.78
70 tons
0.84
125
4
1.73
6-axle locomotive
1.02
138
6
3.40
4-axle locomotive
1.02
142
4
2.84

Conversion column
1 kPa = 0.145 psi
1 m = 39.37 in
1 m = 100
cm
1 kN = 224.8 lbf
r = 0.263 m
FS = 2

200 mm

200 mm

Summary of impact factor calculations:
Method
Factor
Eisenmann (DAF)
1.27
ORE (Impact Factor)
1.32
AREA
1.06
Atalar et al.
2.73

250 mm

Summary of stress calculations
Induced subgrade stress
Dmax
Method
[kPa]
[psi]
Zimmermann - Eisenmann
85.0
12.3
Zimmermann - ORE
88.2
12.8
2:1 approximation - Eisenmann
97.0
14.1
2:1 approximation - ORE
100.7
14.6
Talbot's
85.8
12.4
Japanese National Railway
49.9
7.2
Boussinesq's
237.9
34.5
Love's
423.4
61.4
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Permeameter load
[kN]
3.84
3.99
4.39
4.56
3.88
2.26
10.76
19.15

[kgf]
391.90
406.87
447.43
464.52
395.58
229.96
1096.90
1952.37
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APPENDIX 5

A SHORT DISCUSSION ON ADR
PROBES
A5.1 ADR Impedance Probe
One commercially available product that belongs to the impedance probe category is the
type ML2x ThetaProbe soil moisture sensor. It consists of an input and output cable, a
cylindrical probe body, and a sensing head (Figure A5.1). The cable provides
connection to a suitable power supply (5-15 volts) and for an analogue signal output.
The probe contains an oscillator that generates an electromagnetic wave at a fixed
frequency, a specially designed internal transmission line and measuring circuitry
within a 40 mm diameter by 112 mm long waterproof housing.

Input/output
cable

Probe body

Junction
(J)
Sensing
head

3 Shield rods

Signal rod

Zs
+

Vs

+

-

V(0)
-

x=0

Characteristic
impedance (ZC)

ZM

x=l

Figure A5.1 Soil moisture impedance probe and its equivalent
uniform transmission line circuit.
The transmission line extends into the soil through an array of four, 3 mm diameter by
60 mm long electrodes spaced 15 mm apart. The outer three act as an electrical shield
around the central (signal) electrode. When an electromagnetic wave travelling along a
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transmission line reaches a section with different impedance, part of the transmitted
wave is reflected back to the transmitter. The reflected wave interacts with the incident
wave to produce a voltage standing wave along the transmission line. The resulting
change in amplitude along the length of the transmission line measures the change in
impedance of the probe (Gaskin and Miller 1996, Nakashima et al. 1998).

A5.2 Material Permittivity
The complex permittivity (c) of a material is a measure of the extent to which the
internal distribution of the charge is polarised in an external electric field. It has a real
part (r) referred to in this paper as the relative permittivity describing energy storage,
and an imaginary part (i) describing losses which are mostly due to ionic conduction:

 c   r  j i

where j is

(A5.1)

 1 , i is    0 ,  is the conductivity, ω is the angular frequency and 0 is

the electric constant.
For a heterogeneous medium, the parameter a depends on the relative r and volume
fraction of the individual constituents and their geometrical shape and arrangement
(Litchteneker 1926). As the most common polar liquid, water has an r = 80 (at 20ºC),
compared to 1 for air, and 4.5 to 10 for solids (Keller 1989, Saarenketo 1998, Robinson
and Friedman 2003). Therefore the amount of water in a porous material strongly
influences the mixture’s a.

In addition to the amount of moisture Babb (1951) expected that the reading would be
affected to some extent by the proportion of total moisture which is “bound” or
chemically combined with the material, which can be modelled as a four-phase soil
(solid, free water, bound water, air) (Dobson et al. 1985, Heimovaara et al. 1994).
Where the amount of bound water is negligible (low clay content and/or low specific
surface) three phase models are often used to characterise a (Friedman 1997, 1998,
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Hilhorst et al. 2000). Sandy mineral soils (> 65% sand, particle size > 0.06 mm) present
a relatively simple three-phase system (solid, free water and air), in which the effects of
organic matter, clays, and soil surface area on a can normally be neglected.

A5.3 Transmission Lines
Electromagnetic wave propagation inside a transmission line is described by the line
current I and the voltage V between the conductors. If V and I are time harmonic cosine
functions with an angular frequency ω and the symbolic representation of sinusoidal
signal is adopted, the following transmission line equations can be obtained (Kraus and
Fleisch 1999):








V t , x   V 0 e x jt  V 0 ex jt

V 0 x jt V 0 x jt
I t , x  
e

e
Zc
Zc

(A5.2)
(A5.3)

where the two terms in each equation denotes travelling waves in positive and negative
directions, respectively. The propagation constant γ and the characteristic cable
impedance Z c are the two parameters governing the propagation of electromagnetic
waves along the transmission line and can be expressed for the case of nonferromagnetic materials as follows:


Zc 

j
c
c

Zp

c

(A5.4)

(A5.5)

where c is the speed of an electromagnetic wave in free space and Zp the characteristic
impedance in vacuum, which is only a function of the cross sectional geometry of the
transmission line and can be assumed, as a first approximation, to be equal to the
characteristic impedance in air.
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Sensors actually react to the port impedance of the soil probes in electric circuits where
the link between them and the average a relative dielectric constant in the soil volume
of interest is established. With the aid of electric circuit theory, the relationship between
the port impedance of the soil probe and the sensor output can then be formulated (Dean
et al. 1987, Gaskin and Miller 1996, Hilhorst et al. 2000). However, modelling the port
impedance of the soil probe is difficult and has not yet been solved effectively, which is
why Gaskin and Miller (1996) presented an empirical approach using a standing wave
ratio principle to calibrate the ThetaProbe device. It was proposed that the vacuum
characteristic impedance (Zp) of the coaxial transmission line is:

Zp 

r
ln  b
 a  ra

60





(A5.6)

where r1 and r2 are the radii of the signal and shield conductors respectively.

A5.4 Propagation Velocity and Apparent Permittivity
The propagation velocity Vp through the transmission line can be obtained from Eqs.
(A5.2) and (A5.3):

Vp 



I 

c
1

2

2
  i   2f 0 
r 
  1
1  

2

r





(A5.7)

where f is the signal frequency (f = ω/2π). If the signal frequency is sufficiently lower
than the relaxation frequency frel, so that i is small, and is sufficiently higher than the
electrical conductivity so that the term  2f 0 is also small, the velocity of propagation
reduces to V p  c

 r with r simplified to a.
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Babb (1951) considered that the measurement of apparent permittivity (or commonly
called dielectric constant) held greater promise for determining the moisture than
conductance.

Studies by Selig and Mansukhani (1975) showed a variation of both dielectric constant
and conductivity against frequency. At high frequencies (50 MHz), conductivity
stabilises and the dielectric constant becomes independent of frequency whether it is a
clay or non-clay mineral (Arulanandan 1991). Furthermore, the electric dispersion
model of Thevayanagam (1995) which predicts dielectric and conductance response of
two-phase soils exhibits stability at 100 MHz. The oscillation frequency of the
ThetaProbe is fixed at 100 MHz to minimise the effect of ionic conductivity, so that
changes in the transmission line impedance depend almost solely on the soil’s a.

Physical dielectric mixing models or empirical models (Whalley 1993, White et al.
1994, Malicki et al. 1996, Friedman 1998, Kaya 2002) were developed to establish the
relationship between the soil dielectric constant and soil moisture content. In general,
the dielectric constant is a function of signal frequency f and temperature since r and i
themselves depend on frequency and temperature (Stogryn 1971). Moreover, Babb
(1951) expected that the composition of the dry material, the sample bulk density, and
arrangement of the particles, affects the dielectric constant reading. To minimise these
effects the procedure must be standardised.
Topp et al. (1980) presented an empirical a-v calibration curve for mineral soils. This
serves as a good benchmark for comparing calibrations and has been shown to be
applicable to sandy soils (Nadler et al. 1991, Roth et al. 1992). Tarantino et al. (2008)
suggested that the Topp (1980) equation is valid if the density of the soil does not
change significantly, the amount of bound water is negligible, changes in temperature
are small, pore water electrical conductivity is relatively small (0.05 S/m as in tap
water), and there is a low clay content (specific surface range of 0 to 100 m2/g). The
manufacturer (generalised) calibration curve, which generally agrees with Topp’s
(1980) equation, is applicable as long as the soil does not contain saline water and/or
clays having high cation exchange capacity. This relationship applies to most mineral
Appendix 5 Short Discussion on ADR Probes
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soils (independent of composition and texture) and for water below 50% in volume. For
a higher water content, organic soils, or volcanic soils, a specific calibration is required.

A5.5 Terminations and Reflection
An equivalent circuit for a uniform transmission line is shown in Figure A5.1. The line
commences at x = 0 with an independent voltage source Vs and a source impedance Zs
and terminates at x = l with a load impedance ZM (  V M I M ). If ZC is the impedance of
the transmission line and ZM is the impedance of the probe inserted into a matrix, it can
be shown that the voltage reflection coefficient , defined as the amplitude of the
reflected voltage wave normalised to the amplitude of the incident voltage wave at x = l
(Kraus and Fleisch 1999):


Vp 

V 0 ex jt

x  jt
0

V e



Z M  ZC
Z M  ZC

(A5.8)

This reflected component interferes with the incident signal causing a voltage standing
wave on the transmission line, i.e. a variation of voltage amplitude along the length of
the line. If the relative permittivity is real (i ~ 0 and  2f 0 ~ 0 ) and ZM is a
resistance, the impedances ZC and ZM are both real and so is the reflection coefficient .
The reflection coefficient will range from -1 (shorted ended circuit) to 1 (open ended
circuit). When ZC = ZM (matched line) there is no reflection. The transmission line is
designed so that the peak voltage at its start is V(0) = A(1-), where A is the voltage
amplitude of the oscillator output. The peak voltage at the junction is V(J) = A(1+).
Therefore the difference in amplitude is V(J) – V(0) = 2A. Measuring A gives the
relative impedance of the probe, hence the a and thus a measure of volumetric moisture
content.
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